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Abstract 
Frost deposition across a typical eight-row deep refrigeration display case heat exchanger was studied under 
varying conditions of face velocity, refrigerant temperature glide, and absolute humidity.  The heat exchanger, which 
used a single phase refrigerant, hydrofluoroether (HFE), was placed inside a wind tunnel in an environmental 
chamber. Experimental results include frost deposition photos, air side pressure drop measurements, continuous frost 
mass measurements, and capacity balances.  Surface temperature measurements along the heat exchanger fins and 
tubes show the driving forces of the frost deposition patterns under different operating conditions and provide a 
means of more evenly distributing the frost.  A new style of heat exchanger using plain fins on microchannel tubes is 
also shown, which has the ability to greatly reduce the refrigerant charge and air side pressure drop. 
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Chapter 1:  Introduction 
1.1 Background 
As humid air passes over an evaporator coil that is below the freezing point, water condenses onto 
the evaporator surface and freezes.  Frosting has several positive and negative effects.  The deposited frost 
usually has a rough surface.  These frost dendrites affect the boundary layer and actually improve the local 
heat transfer.  Frost also fills in the gaps between the tubes and fins, which reduces the contact resistance.  
The frost layer also causes an increase in the fin efficiency.  The frost also narrows the air flow pathway.  
This increases the local air velocity, which can increase the local heat transfer rate due to convection.   
Although frost can have these positive effects, in reality, it is far more detrimental.  Frost acts as an 
insulating layer between the air and the tubes and fins.  This increased resistance impedes conduction, and 
thus the heat transfer.  Frost also blocks the airflow pathway, causing an increase in pressure drop and 
decrease in air mass flow rate.  This, in turn, increases the outlet air temperature.  In refrigerator display 
cases, an increased air curtain temperature raises product temperature.  Defrost cycles must be implemented 
to restore the original capacity of the evaporator, but these cycles reduce energy efficiency.  
Little is published about the distribution of frost buildup on evaporators.  Depending on the 
application, frost tends to build-up at different locations, typically at the inlet or outlet.  Uneven frost 
deposition leaves the air flow pathway blocked in one section of the evaporator, while the rest of the 
evaporator receives little or no frost.  Local pressure drop ,created by unevenly deposited frost, reduces the 
flow rate faster compared to an even distribution because pressure drop is a function of the square of the 
velocity.   Some evaporators have been designed with wider fin spacing at the entrance and closer fin 
spacing at the exit, but this results in a loss in heat exchange area.  An even frost formation across the heat 
exchanger would allow for a longer interval between defrost cycles, thus saving energy.   
This project deals with frost distribution across a full scale heat exchanger of the type used in a 
supermarket display case and discusses a new approach to refrigeration: using flat microchannel tubes with 
traditional flat or wavy fins to increase energy efficiency and reduce charge inventory.  The first portion of 
this thesis deals with understanding frost distribution across a full scale heat exchanger.  Experimental 
results are shown, including frost photos, pressure drop measurements, frost weight, and capacity balances.  
Surface temperature measurements along the heat exchanger are also provided, offering a clear picture of 
the driving forces affecting frost distribution patterns.  Results show how frost forms under different 
operating conditions, and how frost may be evenly distributed across the heat exchanger. 
Another chapter discusses a new approach to microchannel heat exchangers, using traditional fins 
on microchannel tubes.  Microchannel heat exchangers, successfully used in automotive and residential air 
conditioning systems, have significantly reduced refrigerant charge.  Microchannels have also lowered air 
side pressure drop, reducing blower energy consumption.  A detailed comparison between the traditional 
tube and fin heat exchanger versus the new microchannel heat exchanger is presented, showing the 
advantages and disadvantages of each.   
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1.2 Literature review 
Most of the research on frosting centers around frost formation on flat plates or round tubes.  
Recently, papers covering heat exchanger frosting have become more frequent, but mainly cover heat pump 
frosting with high fin density and only two tube rows deep.  These results are summarized below.  One 
paper has been published on the affects of frosting on a microchannel heat exchanger, and is presented last. 
Rite and Crawford (1991) studied the effects of frost on the UA value and air side pressure drop on 
a domestic refrigerator evaporator coil.  Previous studies showed that the UA value increases as frost 
initially forms on the evaporator, but then decreases significantly as more frost forms on the evaporator 
under constant air flow conditions.  Rite and Crawford found that their UA value increased as frost formed 
on the evaporator coil, and only leveled off after 18 hours.  They proposed three reasons for this increase in 
UA.  First, their evaporator used interference fit fins rather than brazed fins.  The frost could have filled in 
the gaps between the tube and fins, thus decreasing the contact resistance between the tube and fin.  The 
second explanation is that the frost could have increased the air side heat transfer coefficient.  The 
roughness of the frost could promote turbulent flow, which has a better heat transfer coefficient than 
laminar flow.  The narrower air pathways also increase the face velocity, which increased the air side heat 
transfer coefficient.  Finally, they believed the frost could have acted as another extended surface.  The 
addition of microscopic surface area could have increased the capacity of the coil. 
In another paper, Rite and Crawford (1991) also studied the frosting rate on the domestic 
refrigerator evaporator coil.  The coil was two rows deep with 9.5 mm (3/8”) tubes and had 197 fpm (5 fpi).  
The inlet relative humidity was controlled by using a heated evaporative-pan humidifier.  To determine the 
frosting rate, they measured the change in water height in the pan and assumed that all the water collected 
on the evaporator.  They also weighed the frosted coil after the experiment was over, and had a 15% 
agreement between the two measurements.  Their results show that increasing the air flow rate slightly 
increases the frosting rate (kg/m2-hr), but the measurements for this test were within experimental errors.  In 
all other tests, increasing the absolute humidity difference increased the frosting rate. 
Senshu et al. (1990) studied heat pump frosting on a two-row louvered fin evaporator with a fin 
pitch of 2 mm under constant air mass flow rate conditions.  Their results show that, as the difference 
between the air and refrigerant temperatures increases, the frost formation rate ,linear in their experiments, 
increases.  As the air velocity decreases, frost formation rate increases.  They also found that the air side 
heat transfer coefficient remained constant, but the air flow rate did not change during the experiments.  
In a companion paper, Senshu et al. (1990) created a frosted heat pump model and compared it to 
the experiments on a prototype heat pump system.  In this model, they assumed an even frost layer across 
the fin as smooth as the fin’s surface.  A fan simulator model adjusted the air flow rate as frost formed on 
the evaporator.  The simulation results of the capacity, evaporation temperature, pressure drop on the 
outdoor heat exchanger, and outdoor air flow rate all compared well to the experimental results.  However, 
these tests only lasted 40 minutes and no frost deposition patterns were shown.    
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Oskarsson, Krakow, and Lin (1990) tested a six-row heat pump evaporator outdoors under actual 
operating conditions with 315 fpm (8 fpi) and 12.7 mm (½”) tubes.  They also developed three computer 
models to simulate this heat exchanger: one is a finite element model, another is a three-region model, and 
the third is a parametric model.  The finite element model uses small incremental lengths along the 
evaporator to study the local behavior of the air and refrigerant and includes refrigerant side pressure drop 
effects.  Unlike the streamwise eight-segment model developed by Wu (2001), this model uses many small 
segments along each tube row.  The three-region model divides the heat exchanger into sub-cooled, two-
phase, and superheated regions only and does not include the refrigerant side pressure drop.  The parametric 
model is a simpler empirical model used for basic design work, which neglects the thermal insulating effect 
of the frost. All three models worked well under dry and wet conditions, but the three-region model 
drastically over predicted capacity and air mass flow rate under frosting conditions.  The three-region model 
also predicted a decrease in frost thickness.  This error was caused by an over prediction of the frost 
density, which they acknowledge.  The parametric model underpredicted air mass flow rate in frosting 
conditions.  
Emery and Siegel (1990) summarized the state of knowledge on frost:  frost growth descriptions, 
frost thermal conductivity, and the estimated effects of frost on heat exchanger performance.  They also 
tested a commercial heat exchanger made of galvanized steel, with holes drilled into curved fins (convex on 
one side and concave on the other side as seen from above). R22 was used, with a suction line heater 
providing the superheat downstream of the evaporator. Face velocities varied between 1 and 5 m/s, and 
remained constant throughout each test.  Inlet and outlet velocities were measured across the face of the 
evaporators, as were the inlet and outlet dew points.  Refrigerant temperatures varied from –33 to 5 °C and 
they maintained a constant air flow rate.   
Emery and Siegel experimentally determined the pressure drop and the air side heat transfer 
coefficient as a function of frost mass, which was determined from the absolute humidity difference 
between the entrance and exit of the evaporator.  They provide a least squares equation curve fit for both of 
these.  Unfortunately, their strange evaporator design makes it difficult to compare to conventional heat 
exchanger designs. 
Kondepudi and O’Neal (1991) studied frosting on a single row, 9.5 mm (3/8”) tube heat exchanger 
using an ethylene glycol-water mix. Wavy and corrugated fins were tested at 394 (10) and 709 fpm (18 fpi).  
Face velocity varied between 0.6 and 1 m/s and the relative humidity varied between 60 and 85%. Tests 
lasted 1 hour.   
Kondepudi and O’Neal showed that frost accumulation increases with RH and fin density.  
Pressure drop across the heat exchanger also increases with time.  They used a log mean enthalpy difference 
to calculate the overall energy transfer coefficient, Eo (W/m2-K), which showed that Eo stayed 
approximately constant over the length of the test run.  This was attributed to the fact that the air flow rate 
was held constant, increasing the local velocities over the frosted fins. The latent contribution to Eo was 
approximately 35 to 40%.  
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Since this coil was only one row deep, they did not look at the frost distribution. The higher fin 
density caused air flow blockage to occur much quicker than in a commercial refrigeration heat exchanger. 
Ameen (1993) developed a set of equations to describe an evaporator in heat pump application 
under frosting conditions.  The evaporator was 0.10 m (4”) deep with 4 rows of 9.5 mm (3/8”) tubes.  Test 
runs were only 40 minutes long.  He also compared theoretical and experimental results to the 
manufacturer’s data. His experimental results show that frost mass increased with time while capacity, 
evaporation temperature and COP decreased with time.  Although the simulation trends were similar to the 
trends shown in the experiments, the frost mass results were off by as much as 56%.  The capacity is fairly 
close and does show a decrease in time.  Unfortunately, this is a heat pump with tight, but unquantified, fin 
spacing, which frosted up quickly.  It is four rows deep, and the frost distribution across the heat exchanger 
was not studied. 
Ogawa, Tanaka, and Takeshita (1993) studied ways to improve heat exchanger performance under 
frosting conditions, including staging, cutting, and/or extending the fins.  They compared their experimental 
results to theoretical values.  The theoretical values over predicted the experimental values of the average 
heat transfer coefficient and the average overall coefficient of heat transmission.  Staggered fins, side 
staging, fin width extension, and partial cutting of fins just in front of the tubes all proved to be effective 
means of increasing the heat transfer rate. 
Tassou and Datta (1999) studied the evaporator frosting of supermarket multideck display cases in 
a supermarket and in an environmental chamber.  The relative humidity in the supermarket varied between 
50% in the summer to 25% during the winter.  The defrost water collected varied between 5.1 liters and 2.5 
liters per six hour period respectively, indicating that store relative humidity has a strong effect on the rate 
of frost formation on the evaporator coil.  The environmental chamber tests also showed the same result.  At 
a chamber relative humidity of 65%, 8.4 liters of defrost water were collected as compared to 6.3 liters at 
45% RH.  Further tests show that an increase in relative humidity causes an exponential increase in the 
collected defrost water.  Air temperatures in the environmental chamber suggest that the evaporator 
becomes blocked with frost after 5 hours at a relative humidity of 50%, 6.5 hours at 40% RH, and 9 hours at 
30% RH when the ambient air temperature is 26 °C. 
Itoh et al.  (1996) studied frosting of a traditional microchannel evaporator and two other 
microchannel evaporators with protruding fins and compared them with a baseline evaporator.  Within 20 
minutes, the heat transfer rate on all three microchannel evaporators decreased by over 50% of the baseline 
value.  They reported that the air-side configuration of the evaporator must be thoroughly modified before 
microchannels can be used under frosting conditions. 
1.3 Project objectives 
This project focuses on understanding how environmental conditions affect the deposition and 
distribution of frost on refrigeration display case heat exchangers, namely air temperature and relative 
humidity, refrigerant temperature, and air and refrigerant mass flow rates.  Tests were conducted at 0 and –
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20 °C inlet air temperatures and relative humidities between 70 and 90 %.  Air face velocities varied 
between 0.5 and 2.3 m/s.  A single phase refrigerant, hydrofluoroether (HFE), was chosen because it 
provides turbulent conditions even at low temperatures and flow rates.  That fact reduces the uncertainty of 
the heat transfer prediction, typically seen in the thermally developing region of laminar flow.  A single 
phase refrigerant was also chosen to enable the weighing of the frost growth in real time.  A 2-phase 
refrigerant would introduce problems with variable void fractions.  . The first objective of this project is to 
gain a basic understanding of the effect of the operating conditions on the frost distribution.  The second is 
to develop better heat exchanger designs where the frost forms in a manner that extends time between 
defrosts rather than blocking only the front or back, as in current applications.   
These objectives were met using five methods.  Dew point measurements between the entrance and 
exit of the heat exchanger were used to calculate the frosting rate as a function of time.  The heat exchanger 
was also weighed continuously during the experiment to determine the frosting rate.  This value was 
compared at the end of the experiment to the mass of water collected from the defrost.  Pressure drop 
measurements were taken at four spots in the air flow direction across the heat exchanger to determine the 
effect of the frost.  Finally, photographs were taken across the heat exchanger to show the frost patterns that 
developed.  Table 1.1 shows a comparison between the methods used in this paper and in other 
experimental papers. 
A simulation model of the heat exchanger is validated, which can be used under a wide variety of 
conditions.  Finally, a new microchannel heat exchanger with flat, non-louvered fins placed on 
microchannel tubes is designed so that refrigerant charge and blower power can be reduced. 
Table 1.1: Methods to determine evaporator frosting rate used by various authors 
Author real time 
frost mass 
(scale) 
weighing of 
frosted coil at 
end of test 
defrost 
water 
collection 
measured 
Dw 
measured 
win only 
Evap. 
pressure drop 
Frost 
height 
pictures 
Other 
Rite   ü   ü ü 
only across 
entire evap. 
 measured 
height 
difference in an 
evaporative pan 
to get Dwave 
Senshu et 
al. 
 ü  ü  ü 
only across 
entire evap. 
  
Oskarsson,     ü     
Emery    ü  ü 
only across 
entire evap. 
ü  
Kondepudi   ü ü  ü 
only across 
entire evap. 
  
Ameen  ü   ü    
Ogawa    ü     
Tassou   ü       
Carlson ü ü ü ü  ü 
measured at 
4 points 
across hx 
ü  
 6 
Chapter 2:  Experimental Facility, Procedure, and Test Matrix 
2.1 Experimental facility and procedure 
An experimental facility was constructed at the University of Illinois at Urbana-Champaign to test 
full scale heat exchangers under frosting conditions as shown in Figure 2.1.  Five parameters could be 
controlled: inlet air temperature, inlet dew point, inlet refrigerant temperature, refrigerant mass flow rate, 
and air face velocity.  An open wind tunnel was placed inside of an environmental chamber.  Inlet air 
temperature is measured by six arithmetically averaged T-type thermocouples, as shown in Figure 2.2.  A 
3.2 kW electric heater connected to a PID controller maintained the inlet air temperature.  The chamber dew 
point, which was assumed to be the inlet to heat exchanger, was measured using a General Eastern chilled 
mirror meter and was maintained by using a PID controller to open and close a solenoid valve attached to a 
building steam supply line.   
Hydrofluoroether (HFE 7100), a single phase secondary refrigerant, was used in the experimental 
loop.  An R404A chiller system was used to cool the HFE and fine adjustment of the inlet refrigerant 
temperature came from an electrical resistance heater in the line.  The refrigerant mass flow rate was 
controlled by adjusting the pump frequency.  The air mass flow rate was measured by one or two nozzles, 
depending on test conditions, and was allowed to decrease as frost formed on the heat exchanger.  
Conditions in the chamber were pre-adjusted by a pre-cooler inside the environmental chamber, which 
pulled the chamber down to the test conditions. This prevented frost from forming on the heat exchanger 
before steam was added to the chamber.  Once the chamber was pulled down to the desired temperature, the 
pre-cooler was turned off and the refrigerant stream was switched to the main heat exchanger.  Final 
adjustments were made to the refrigerant temperature and mass flow rate before the steam was started.    
Typical display case evaporators in 2.4 m display cases are approximately 2 m long and 8 tube 
rows deep.  Because this length is too large to fit inside a wind tunnel easily, the evaporator was redesigned 
to be about three times taller and narrower with the same depth, to maintain the same capacity.  It is 0.80 m 
wide, 0.343 m high, and 0.264 m deep.  Heat exchanger dimensions are given in Table 2.1 and shown 
schematically in Figure 2.3.  There are nine circuits, each of which starts at the air exit side of the heat 
exchanger and exits after eight passes at the front of the heat exchanger.  This makes the heat exchanger as 
close to counterflow as possible.  Each of the nine circuits is confined to a single row in the horizontal 
plane.  Valves were placed at the inlet to each circuit and there is a thermocouple at the exit of each circuit.  
Each valve was adjusted such that the outlet temperatures were within ±0.2 °C of each other at 0 °C.  Thus 
it is possible to assume that each row was approximately equal in temperature glide and frost formation at 
the beginning of the test run.  One immersion thermocouple was placed before the inlet refrigerant header to 
measure the inlet refrigerant temperature.  Using a thermally conducting epoxy, thermocouples were 
attached to the tubes and fins as shown in Figure 2.4.  The tube and fin temperature measurements are 
affected by the air temperature, and so do not measure the exact surface temperature.  However, the trend is 
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correct in the surface temperature measurements.  Plain fins were used in these experiments so that only 
frosting effects would be seen.   
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Figure 2.1: Facility schematic 
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Figure 2.2: Inlet and outlet air thermocouple placement 
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Table 2.1: Heat exchanger dimensions 
Tube outer diameter 12.7 mm 
Tube spacing in air flow direction, Sl 0.033 m 
Tube spacing normal to air flow direction, St 0.038 m 
Number of tubes in air flow direction 8 
Number of tubes normal to air flow 9 
Number of circuits 9 
Tube material copper 
Fin thickness 0.254 mm 
Fin pitch 126 fpm 
Fin type flat, non-louvered 
Fin material aluminum 
 
 Refrigerant 
Inlets 
Refrigerant 
Outlets 
 
Figure 2.3: Heat exchanger schematic  
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Figure 2.4: Surface thermocouple placement 
Five separate methods were used to determine the frost distribution and its effects on the heat 
exchanger.  The inlet and outlet dew points were measured and used to determine frost deposition rate in 
time.  The heat exchanger, which was placed in a “floating” portion of the wind tunnel, rested on a scale, 
which measured the frost mass as it was deposited on the surface.  Before the steam was added to the 
chamber, the weight of the heat exchanger was taken, since this measurement included the weight of the 
additional refrigerant that entered the heat exchanger during pull-down.  The final mass of frost measured 
by the scale was taken as the final scale weight minus the weight of the heat exchanger at the beginning 
when the steam was first added.  The scale measurement could be taken because the first portion of the wind 
tunnel was connected to the rest of the wind tunnel by a thin plastic wrap.  The refrigerant lines connecting 
the heat exchanger to the header were flexible hoses.  These allowed the scale to move up and down as the 
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frost formed on the heat exchanger.  The third measure of the frosting rate came from the mass of water 
collected after the defrost.  The final scale reading and defrost water matched closely, but there is a 
discrepancy with the value of the absolute humidity difference times the mass flow rate of air.  This 
difference will be discussed later.   
The fourth measurement was the pressure drop across the heat exchanger, which was taken in four 
places.  These locations are shown in Figure 2.5.  The final frost measurement comes from photographs 
taken over the top four rows.  Frost thickness measurements were taken, but this data may not be perfectly 
accurate due to the subjective determination of the location of the frost-air interface.  However, these 
pictures provide valuable qualitative information about the frost distribution pattern. 
 
Air Flow  
dP4 
dP3 
dP2 
dP1 
 
Figure 2.5: Pressure drop measurement locations 
2.2 Data analysis 
Data was collected using a Campbell Scientific data logger connected to two multiplexers.  
Readings were taken every 10 seconds and the averaged value was collected every three minutes.  Data was 
analyzed using Excel and Engineering Equation Solver (EES), which includes the thermodynamic functions 
of air, moist air, water, and several refrigerants.  Instruments used in the test facility are described in 
Appendix B.  Instrument calibrations are found in Appendix C.  The data analysis program may be found in 
Appendix H.   
Three independent methods were used to determine the capacity of the heat exchanger: a 
refrigerant, air, and chamber energy balance.  These balances are given by: 
latQsensQairQ +=  Eqn. 2.3 
( ) windtunnelQnozzleTainTairpCairmsensQ --= ,&  Eqn. 2.4 
sgwaterlat hmQ &=  Eqn. 2.5 
( )outinairwater mm ww -= &&  Eqn. 2.6 
( ) tubesrinroutrefprefref QTTCmQ --= ,&  Eqn. 2.7 
precoolerheaterblowerontransmissichamber WWWQQ +++=  Eqn. 2.8 
wallsontransmissi TUAQ D= *  Eqn. 2.9 
 10 
A heat transmission term through the wind tunnel and refrigerant hoses is included in the air and refrigerant 
balances.  More on this subject can be found in Appendix D.   
Under dry conditions, these three independent methods to calculate capacity can be used.  But 
under wet conditions, the chamber balance cannot be used.  The steam mass flow rate was not measured, 
and since frost forms on other surfaces inside the chamber besides the heat exchanger, there was no way to 
back out a steam mass flow rate.  Therefore, only air and refrigerant balances will be reported under wet 
conditions.   
2.3 Test matrix 
The operating conditions for the display case heat exchanger were chosen to cover the normal 
operating conditions of a supermarket display case, while also showing how environmental and operating 
conditions affect the frost deposition pattern (FDP).  Tests conducted by Terrell (1999) operated at room 
temperatures of 75 °F and various room relative humidities between 50 and 95%.  Typical display case 
operating conditions are shown in Table 2.2 (Roberts 2001).  Since it was necessary to pick temperatures 
that were representative of a display case, air temperatures of –20 and 0 °C were chosen.  Even though air 
entering the evaporator is typically saturated, relative humidities at or below 90% were chosen to prevent 
snowing in the chamber.   
Table 2.2: Typical display case operating conditions 
Type of Case Inlet temp. 
(°C) 
Discharge 
temp. (°C) 
Refrigerant 
temp. (°C) 
Frozen food -17.8 -23.3 -28.9 
Dairy 4.4 -2.2 -6.1 
Meat 2 -4.4 -6.7 
Produce 6 1.7 -1.1 
 
Five factors affect the frost deposition pattern: air temperature, relative humidity, air face velocity, 
refrigerant inlet temperature, and refrigerant mass flow rate.  Two air temperatures were studied, 0 and – 20 
°C.  Frost deposition rates at 0 °C are higher than at –20 °C, and so show the frost deposition patterns much 
more prominently.  The 0 °C air temperature is more typical of a dairy or meat display case while the –20 
°C air temperature is representative of a frozen food display case.   
The inlet humidity affects the location of the frost.  The higher the humidity, the closer to the front 
of the heat exchanger the frost deposits, because the air is closer to the saturation point. Relative humidities 
of 70, 80, and 90% were chosen to show how the frost pattern changes as the humidity increases. 
The air face velocity plays an important role in determining the frost deposition pattern.  As the 
face velocity decreases, the frost moves forward, as typically happens in display case heat exchangers.  In 
industrial refrigeration applications, which typically operate at face velocities above 5 m/s, more frost might 
form near the back of the heat exchanger.  Face velocities for this heat exchanger are varied between 0.5 
m/s and 2.3 m/s to show the effect on the frost deposition pattern. 
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The refrigerant temperature strongly affects the rate at which frost deposits on the surface.  More 
frost is deposited on the heat exchanger surface as the difference between the inlet refrigerant and air 
temperatures increases, because of the higher potential between the air dew point and the heat exchanger 
surface temperature.  Most of the experiments were conducted with a refrigerant temperature 10 °C below 
the air temperature because that is the typical difference.  However, three tests were run with a 30 °C 
temperature difference to show the maximum amount of frost possible on the heat exchanger. 
Finally, the variation in fin surface temperature affects the location of the frost on the heat 
exchanger.  This was controlled in the experiments by varying the single phase refrigerant mass flow rate, 
which determines the temperature glide.  As the temperature glide increases, less of the heat exchanger falls 
below the dew point, and thus is unable to frost.  Or, if the temperature is below the dew point, the rate at 
which frost deposits on the surface is reduced.  Although a 1 °C temperature glide would be ideal to 
simulate a DX coil, there were technical difficulties reaching a 1 °C glide at this time.  Therefore, 
refrigerant temperature glides between 3 and 5 °C were chosen to look at how the surface temperature 
affects the frost deposition pattern.   
Table 2.3 shows the test matrix for the full scale heat exchanger frosting experiments.  Test runs 1 
through 3 show the effect of air velocity on the frost deposition pattern.  Tests 4 through 6 explore the effect 
of relative humidity.  Tests 7 through 9 look at the effect of refrigerant mass flow rate.  Finally, tests 10 11, 
and 12 show the maximum frost deposition rate for this heat exchanger.  These last three tests also show the 
maximum capacity achievable by this heat exchanger.   
Table 2.3: Test matrix 
Test runs Tain Trin RH_in vel_air d_Tref (m_ref) FDP 
1 -20 -30 70% 0.9 2.3 0.5 Uniform 
2 -20 -30 70% 1.3 2.8 0.5 Back 
3 -20 -30 70% 2.2 3.4 0.5 Back 
4 0 -10 90% 1.3 5.3 0.2 Back 
5 0 -10 90% 1.3 5 0.26 Back 
6 0 -10 90% 1.3 4 0.45 Uniform 
7 0 -10 90% 0.9 3.1 0.5 Front 
8 0 -10 80% 0.9 3 0.48 Middle 
9 0 -10 70% 0.9 3 0.4 Back 
10 0 -30 90% 0.6 6.8 0.5 Front 
11 0 -30 90% 2.2 12.6 0.5 Front 
12 -10 -30 95% 0.55 4 0.5 Front 
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Chapter 3:  Experimental Results 
3.1 Dry surface results 
3.1.1 Measured air, refrigerant, and chamber capacity balances 
Three independent methods were used to calculate the capacity of the heat exchanger under dry 
conditions: air, refrigerant, and chamber energy balances.  These methods were previously discussed in 
Chapter Two.  Four dry tests were performed to see how well the air, refrigerant, and chamber balances 
matched.  A summary of the steady state operating conditions is found in Table 3.1.  Data were average 
over the steady state period and the standard deviation is shown in parentheses. The complete set of 
experimental data can be found in Appendix E.   
Table 3.1: Summary of Dry surface operating conditions 
Parameter Test 1 Test 2 Test 3 Test 4 
Air inlet temperature 
(°C) 
-0.28 
(0.08) 
-17.74 
(0.10) 
-19.46 
(0.49) 
-19.12 
(0.17) 
Refrigerant 
temperature (°C) 
-10.71 
(0.22) 
-26.26 
(0.11) 
-30.86 
(0.27) 
-29.01 
(0.16) 
Face Velocity (m/s) 1.34 
(0.004) 
1.35 
(0.004) 
2.30 
(0.005) 
1.49 
(0.004) 
Refrigerant mass 
flow rate (kg/s) 
367 
(3.97) 
350 
(0.69) 
510 
(3.18) 
495 
(1.41) 
 
Figures 3.1 through 3.4 show the air, refrigerant and chamber balances for each test case, 
respectively.  In Test 1, the chamber balance jumps frequently because the tuning of the PID controller for 
the air heater caused the power to heater to fluctuate between 230 and 1900 Watts.  The PID controller 
controls the air temperature well, but these fluctuations affect the chamber balance.  Several steps were 
taken to level out the power going to the air heater, with limited success.  In Tests 1 and 2, the pre-cooler 
had not yet been installed, and so these graphs show the pull down period.  Tests 3 and 4 used a pre-cooler, 
and so show only the steady state period.  The steady state point was determined when the air temperature 
reached the desired setting and the chamber walls reached their steady state values.  It takes approximately 
3 hours to reach this condition at 0 °C air temperatures and 8 hours at –20 °C air temperatures.  Using the 
pre-cooler, only a very thin, barely visible frost layer forms on the heat exchanger surface as the moisture 
initially in the air migrates to the coldest surface. 
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Figure 3.1: Test 1 energy balances including the pull down period 
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Figure 3.2: Test 2 energy balances including the pull down period 
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Figure 3.3: Test 3 energy balances 
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Figure 3.4: Test 4 energy balances 
3.1.2 Comparison of energy balances 
In order to determine the accuracy of the measurements, it is necessary to see how well the 
capacities calculated from refrigerant-side measurements correspond to those calculated from the air and 
chamber energy balances under the dry conditions.  Figure 3.5 shows the relationship between the three 
energy balances under steady state conditions.  The uncertainty in each of these calculations was determined 
in EES (Klein and Alvarado, 2000) which refers to Taylor and Kuyatt (1994).  The uncertainty is given by 
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where UY = uncertainty of dependent variable Y 
UXi = uncertainty of each independent variable Xi 
Xi = variable used in calculating Y 
The uncertainty for each test run was calculated in Engineering Equation Solver (EES) using the formula in 
Eqn. 3.1.  The errors assumed for each measurement are shown in Appendix B.     
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Figure 3.5: A comparison of the air and chamber balances to the refrigerant balance under dry 
conditions 
Figure 3.5 shows that there is good agreement among the three energy balances, which were taken 
as the average value over the last hour of each run.  The chamber energy balance point for Test 4 was not 
shown because the wall temperatures had not been pulled down to steady state yet.  All the points shown 
overlap the 45 degree line within experimental errors, except for one chamber balance point.  This point 
comes for Test 1, and in that case the air heater was highly unstable, as discussed previously.  Still, there is 
good agreement between the three energy balances and we can have confidence in our capacity 
measurements.  Unfortunately, the steam entering the chamber is not measured, so the chamber balance 
cannot be used under wet conditions.  Only the air and refrigerant balances will be shown under wet 
conditions. 
3.1.3 Air side heat transfer coefficient 
Nine 30-minute, steady state, dry surface tests were conducted to determine the air side heat 
transfer coefficient.  The test matrix consisted of face velocities at 0.6 m/s, 1.5 m/s, and 2.3 m/s and 
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refrigerant mass flow rates of 540 g/s, 360 g/s and 200 g/s.  After each test condition stabilized, 
approximately 3 to 5 minutes, the average values of Prair, ReDc, and Gmax were calculated over the steady 
state period.   These values are shown in Table 3.2.  The four previously run dry surface experiments were 
included in this analysis, as were the dry surface data points from the period before the steam was turned on 
in nine wet surface experiments.   
Table 3.2: Air side heat transfer determination test conditions 
Test 
number 
Air velocity 
(m/s) 
Refrigerant mass 
flow rate (g/s) Tain (°C) ReDc 
Gmax 
(kg/s-m2) 
1 2.31 521 -0.24 2180 2.938 
2 1.49 540 -0.86 1420 1.907 
3 0.60 547 -1.54 583 0.780 
4 0.62 362 -1.25 597 0.800 
5 1.49 367 -1.43 1418 1.903 
6 2.32 364 -0.11 2181 2.943 
7 2.32 196 0.72 2155 2.919 
8 1.54 199 -0.63 1402 1.891 
9 0.62 199 -0.65 584 0.787 
10 1.34 367 -0.28 1268 1.707 
11 1.35 350 -17.74 1421 1.819 
12 2.30 510 -19.46 2472 3.143 
13 1.49 495 -19.12 1599 2.034 
14 1.48 195 0.31 1386 1.873 
15 1.49 266 -0.25 1395 1.881 
16 2.32 503 -2.24 2275 3.026 
17 2.30 510 -19.44 2459 3.129 
18 0.62 505 -0.94 866.4 1.164 
19 0.91 495 -0.61 870.5 1.173 
20 0.92 514 0.81 871.6 1.173 
21 0.92 512 0.39 630.7 0.8305 
22 0.55 485 -19.68 568.1 0.7375 
 
This data was used to back-out the air side heat transfer coefficient using a resistance network 
where  
tot
ref R
LMTD
Q =  Eqn. 3.3 
reftubeairtot RRRR ++=  Eqn. 3.4 
( )finfintubeairair AAhR h+=
1
 Eqn. 3.5 
( )
tubetube
innerouter
tube Ak
rr
R
/ln
=  Eqn. 3.6 
refref
ref Ah
R
1
=  Eqn. 3.7 
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The refrigerant side heat transfer coefficient was calculated using the Gnielinski correlation (1976) because 
it was suitable for the range of Reynolds numbers used in the experiments (2900 to 7500).   
In addition to experimentally determining the air heat transfer coefficient from the above method, 
the heat transfer coefficient was calculated from the three heat transfer correlations shown in Table 3.3.  
Abbreviations for each correlation are shown in brackets in the first column.  These correlations were 
chosen because they fit, or were close to, the geometry of our heat exchanger and the Reynolds number 
range it operated under.  The heat exchanger was specifically designed to fit within, or be close to, the 
bounds of the Kim, Youn, and Webb correlation, so it was expected that this correlation would work best.  
Further details on this design can be found in Appendix A.  The other two correlations were chosen because 
they were the newest correlations that were close to the geometry of the heat exchanger used in these 
experiments.  A summary of the fit between the experimental heat exchanger and the correlation bounds are 
found in Table 3.4.  Using the j-factor from these correlations, the heat transfer coefficient is calculated by  
jCGh airpair
667.0
,max Pr
-=  Eqn. 3.8 
Table 3.3: Air side heat transfer correlations 
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Table 3.4: Fit of the experimental heat exchanger to the correlation bounds (all units in mm) 
Parameter Our Value WC Range WCHL Range Kim Range 
ReDc 500 – 25,000 200 – 10,000 800 – 7500 505 – 24,707 
Fp 8 1.22 – 1.71 1.74 – 3.20 N/A 
Dc 12.7 7.52 – 10.23 10.23 N/A 
Pt 38.1 20.4 – 21.0 25.4 N/A 
Pl 33.0 12.7 – 16.7 22 N/A 
Fth .203 given 0.13 – 0.2 N/A 
Pt/Pl 0.866 N/A N/A 0.857 – 1.654 
Pt/Dc 3 N/A N/A 1.996 – 2.881 
Fs/Dc 0.605 N/A N/A 0.081 – 0.641 
 
The experimentally determined j-factor and those calculated using the three correlations are shown 
in Figure 3.6.  The Kim, Youn, and Webb correlation tends to overpredict the j-factor while the Wang and 
Chang correlation underpredicts the j-factor.  The Wang, Chang, Hsieh, and Lin correlation far overpredicts 
the j-factor, and will not be considered further.   
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Figure 3.6: A comparison of the j-factor between the experimentally determined values and the 
correlation values 
All three correlations are of the form j = C*Rea, where the coefficient “C” includes the geometry 
parameters and the coefficient “a” describes the variation of j with operating conditions.  These coefficients 
are shown in Table 3.5. 
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Table 3.5: Coefficients for the three heat transfer correlations 
Correlation C a 
Kim 0.1896 -0.369 
WC 0.01421 -0.104 
WCHL 0.3569 -0.392 
 
To determine C and a for our heat exchanger, we minimize the error in equation 3.9. 
å
=
÷
ø
öç
è
æ -
-
=
22
1
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Re
1
1
n
aCj
n
MINerror  Eqn. 3.9 
Using this method, the j-factor for our heat exchanger is 
jexp = 0.07155Re
-0.264 Eqn. 3.10 
Figure 3.7 shows this equation in relation to the experimentally determined j-factors.  The first nine tests are 
described by their refrigerant and air mass flow rates respectively.  The other 13 tests are described by their 
number.   
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Figure 3.7: Best fit curve line for Colburn j-factor 
A contour plot for the errors determined in calculating the “C” and “a” coefficients used in the best 
fit line are shown in Figure 3.8.  The “C” and “a” coefficients used in the three correlations are also shown.   
The curve fit to our data has the lowest error in the j-factor, but was also run over the smallest range of 
Reynolds numbers.  The experimental uncertainty in determining the j-factor ranged from 0.008 to 0.014.  
The three correlations are not differentiable within experimental errors.  The WCHL correlation has an 
error of 0.012, the largest of the three correlations.  Even though these correlations are indistinguishable 
experimentally, the Kim, Youn, and Webb correlation has the smallest error and the heat exchanger was 
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specifically designed for this correlation.  This correlation should be used in the frosting models to calculate 
the heat transfer coefficient.  However, since this heat exchanger has a much wider fin spacing than those 
used in determining the “C” coefficient in the Kim, Youn, and Webb correlation, we decided to adjust the 
“C” coefficient.  Using their “a” coefficient and finding the best “C” by minimizing the error with our data, 
the j-factor equation becomes 
j = 0.1484 Re-0.369 Eqn. 3.11 
This new coefficient will be used as a weighting factor with the Kim, Youn, and Webb correlation to 
account for the geometry of our heat exchanger.  The final j-factor equation used in determining the heat 
transfer coefficient is 
KimjCarlsonj 1896.0
1484.0
=  Eqn. 3.12 
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Figure 3.8: Contour plot of errors in determining C and a  
3.2 Wet surface results 
3.2.1 Experimental test matrix 
The test matrix, as discussed in Chapter Two, was designed to study the effect of the air face 
velocity, refrigerant temperature glide, and relative humidity on heat exchanger frost distributions.  Three 
other tests were performed which had large LMTD’s so that the maximum frosting rate could be observed.  
The average operating conditions achieved for each test are shown in Table 3.6.  The standard deviation 
from the average value for each test is shown in parentheses.  The face velocity column only shows the 
initial face velocity since it decreases as frost builds up on the heat exchanger.  The time variant test data 
can be found in Appendix F.  Frost photographs of each test can be found in Appendix G.  
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Table 3.6: Average test conditions for each run 
Test 
Number Test date Tain (°C) Trin (°C) Tdew,in (°C) ref
m&  (g/s) face velocity 
(m/s) 
1 5/14/01 -18.15 (0.06) -29.88 (0.58) -22.32 (0.61) 511 (7.93) 0.82 
2 4/22/01 -19.60 (0.15) -28.14 (0.41) -22.92 (0.56) 503 (5.07) 1.48 
3 4/20/01 -18.61 (0.16) -29.17 (0.14) -22.88 (0.22) 507 (2.87) 2.30 
4 4/9/01 0.47 (0.30) -9.80 (0.30) -1.34 (0.04) 197 (1.25) 1.48 
5 4/15/01 -0.22 (0.17) -9.90 (0.10) -1.35 (0.05) 267 (0.75) 1.48 
6 4/6/01 0.06 (0.13) -12.43 (0.19) -1.36 (0.19) 473 (15.16) 1.48 
7 4/27/01 0.34 (0.70) -10.35 (0.22) -1.99 (1.81) 502 (6.96) 0.91 
8 4/28/01 0.13 (0.21) -10.39 (0.16) -2.79 (0.53) 514 (1.98) 0.92 
9 4/29/01 -0.11 (0.10) -10.61 (0.20) -4.35 (0.20) 520 (3.14) 0.92 
10 4/26/01 -0.69 (1.82) -30.79 (0.60) -2.79 (5.13) 506 (2.00) 0.62 
11 4/16/01 -0.59 (0.37) -26.13 (0.51) -1.63 (1.03) 506 (1.70) 2.30 
12 5/16/01 -9.00 (1.11) -30.74 (0.52) -10.31 (0.89) 500 (4.24) 0.55 
 
3.2.2 Comparison of refrigerant and air energy balances 
In Figure 3.9, the agreement between the air and refrigerant energy balances are shown for the 12 
experiments conducted.  Because capacity decreases as more frost forms on the heat exchanger, the average 
value could not be used to show the capacity.  Instead, the agreement between the air and refrigerant 
capacities, averaged over a 3 minute period, is shown when 2.5 kg of frost formed on the heat exchanger (as 
measured by the scale) for the 0 °C cases and 1.5 kg of frost for the –20 °C cases.   
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Figure 3.9: A comparison between air and refrigerant energy balances under wet conditions 
In all the wet cases, there is good agreement between the air and refrigerant capacity balances 
within experimental error, except for two points.  The first occurred in Test 4 and the other in Test 6.  In 
both cases, the temperature difference between the warmest and coldest outlet refrigerant temperature at the 
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end of the experiment as compared to the beginning became very large.  In these cases, large amounts of 
frost formed at the top of the heat exchanger due to an air temperature stratification on the inlet side but did 
not form at the bottom.  The bottom refrigerant outlet temperatures barely changed from the initial 
distribution because less frost formed on those circuits, thus allowing heat transfer to occur unimpeded.  At 
the top three circuits, lots of frost formed, which hindered heat transfer.  In these circuits, the outlet 
temperature is only 0.6 °C higher than the inlet refrigerant temperature in Test 6.  This uneven frost 
distribution eventually causes several of the top circuits to become fully frosted, which prevented heat 
transfer and caused the refrigerant outlet temperature in those circuits to pull down the refrigerant outlet 
temperature average used in calculating the refrigerant capacity.  In these cases, the measured chamber dew 
point did not adequately represent the dew point across the inlet of the heat exchanger, which caused the air 
side capacity balance to be off.  This miss representation of the inlet dew point also caused the comparison 
of the frost mass by the three methods to be off.  The scale and defrost water masses compare very well.  In 
some cases though, the frost mass as calculated by the change in absolute humidity predicted almost twice 
the frost mass than the scale or defrost water measured.  A comparison of the frost mass measured by the 
three methods in each test can be found in Appendix F. 
3.2.3 Effect of face velocity on frosting 
Three face velocities of 0.8 m/s, 1.5 m/s, and 2.3 m/s were studied to see the effect on the frost 
deposition pattern and capacity.  Figures 3.11 and 3.12 show the effect of face velocity on the air and 
refrigerant side capacity balances.  Air inlet temperature, inlet dew point, refrigerant temperature, and 
refrigerant mass flow rate were held constant in these experiments.  As expected, the higher the face 
velocity, the higher the capacity of the heat exchanger.  There is a surprising difference between the relative 
values of the capacity.  At 0.8 m/s the air capacity is 1.3 kW.  Almost doubling the face velocity to 1.5 m/s 
increases the starting air capacity by only 23% to 1.6 kW.  When the face velocity was almost tripled to 2.3 
m/s, the starting capacity increased by 62%.  Thus a dramatic increase in face velocity is needed to 
significantly increase the capacity of the heat exchanger.   
In these three cases and the cases presented later, there is only a slight drop in capacity as frost 
formed on the heat exchanger.  Unlike most of the published research, the face velocity was allowed to 
decrease with time.  However, the blower is very stiff and not affected greatly by a large pressure drop.  In a 
typical display case though, the fans used for the evaporator are greatly affected by the pressure drop across 
the evaporator.   
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Figure 3.10: Effect of face velocity on total air side capacity in Tests 1, 2, and 3 
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Figure 3.11: Effect of face velocity on total refrigerant side capacity in Tests 1, 2, and 3 
The capacity degradation that was found was a consequence of the frosting on the heat exchanger.  
In Figure 3.12, the frost deposition patterns for the three face velocities are shown.  Photographs showing 
the frost distribution in time for the three face velocities can be found in Appendix G.11, G.6, and G.5 
respectively.  Increasing the air face velocity pushes the frost to the back of the heat exchanger.  At a face 
velocity of 0.8 m/s, the frost distribution is even across the heat exchanger. As the velocity is increased to 
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1.3 m/s, some frost is found on the first two rows.  More frost is found on the third row, and finally, the 
most frost is found on the back row.  At 2.3 m/s, no frost is found on the first row and increasing amounts of 
frost are found toward the back.  A large amount of frost is found in the last row.  
The frost deposition pattern is a direct consequence of the difference between the air dew point and 
the tube and fin surface temperatures as given by Eqn 3.13.  This comes from the heat and mass transfer 
analogy found in Incropera and DeWitt (1996). 
( )
sairLeoAairCp
airh
waterm ww -
-= 3/2&  Eqn. 3.13 
The air and refrigerant temperature glides as well as the change in dew point and tube surface temperature 
for a face velocity of 0.8 m/s are shown in Figure 3.13.  The temperature profiles for the 1.5 and 2.3 m/s 
cases are shown in Figures 3.14 and 3.15 respectively.  Frost forms on the heat exchanger when the surface 
temperature is below the dew point.  At lower air velocities, there is a lower air side heat transfer 
coefficient, which keeps the surface temperature of the tube closer to the refrigerant temperature.  As a 
result, the tube temperature stays below the dew point across the heat exchanger and frost is found across 
the heat exchanger.  Slightly more frost is found in rows 5 and 7 because there is a larger humidity potential 
between the air dew point and surface temperature toward the exit.  At a face velocity of 1.5 m/s, the 
measured tube temperature rises above the dew point at row 4, and therefore should not be able to frost 
before that point.  However, the tube thermocouples are affected by the air temperature around them, and so 
measure a temperature slightly higher than the actual tube temperature.  Though the measured tube 
temperature may be higher than reality, the trend is correct.  Only a small amount of frost is found in rows 1 
and 3, while more frost is found in rows 5 and 7.  As the face velocity was raised to 2.3 m/s, the tube 
temperature only goes below the dew point at row 5.  No frost was found in row 1 since the tube 
temperature was below the dew point.  Minimal amounts of frost were found on row 3.  The most frost 
formed on row 7 as this was the only place that the tube temperature was significantly below the dew point.  
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 0.8 m/s (Test 1) 1.5 m/s (Test 2) 2.3 m/s (Test 3) 
 24.0 hours 25.7 hours 24.2 hours 
 
Row 1 
Row 3 
Row 5 
Row 7 
 
Figure 3.12: Effect of face velocity on frost distribution pattern  
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Figure 3.13: Temperature profile at 0.8 m/s face velocity (Test 1) 
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Figure 3.14: Temperature profile at 1.5 m/s face velocity (Test 2) 
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Figure 3.15: Temperature profile at 2.3 m/s face velocity (Test 3) 
The slope of the dew point lines is also important in noting the amount of frost that formed on the 
heat exchanger.  At 0.8 m/s, the dew point dropped by 4°C.  It dropped by 2.5°C at a face velocity of 1.5 
m/s, and dropped by less than 1°C at 2.3 m/s.  This drop in dew point corresponds to the total frost mass, as 
found in Figure 3.16.  As the face velocity is decreased, the total frost mass increased.  The 0.8 m/s case had 
the overall largest humidity potential difference, and so was expected to show the largest frost amount. 
The face velocity and its associated frost distribution also affect the pressure drop across the heat 
exchanger.  Figures 3.17 through 3.20 show the pressure drop across the first two rows, first four rows, first 
six rows, and the entire heat exchanger respectively.   Increasing face velocity has the expected effect of 
increasing the initial pressure drop.  Because negligible amounts of frost formed on the first four rows of the 
heat exchanger at 2.3 m/s, no change in pressure drop was seen.  Small amounts of frost formed on the first 
four rows of the heat exchanger at 0.8 m/s and 1.5 m/s, and so the pressure drop did rise slightly in Figures 
3.17 and 3.18.  Significant amounts of frost formed on the last four rows though, and so major increases in 
pressure drop are shown in Figures 3.19 and 3.20.  The low face velocity showed the largest increase in 
pressure drop, at 175%, which was expected because it accumulated the most frost.  Conversely, at 2.3 m/s 
where the smallest amount of frost formed, there was only an 80% increase in pressure drop.  
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Figure 3.16: Effect of face velocity on total frost mass as measured by the scale in Tests 1, 2, and 3 
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Figure 3.17: Effect of face velocity on the pressure drop across rows 1 and 2 in Tests 1, 2, and 3 
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Figure 3.18: Effect of face velocity on the pressure drop across rows 1 through 4 in Tests 1, 2, and 3 
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Figure 3.19: Effect of face velocity on pressure drop across rows 1 through 6 in Tests 1, 2, and 3 
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Figure 3.20: Effect of face velocity on pressure drop across the heat exchanger in Tests 1, 2, and 3 
3.2.4 Effect of refrigerant temperature glide on frosting 
The refrigerant side temperature glide is a consequence of the refrigerant mass flow rate.  At high 
pump speeds, there is a small temperature glide, and vice versa.  The temperature glide can affect the 
amount of surface area below the dew point, and how far below the dew point it is, which ultimately affects 
the frost distribution.  Three mass flow rates and their corresponding temperature glides were studied: 0.2 
kg/s ( 5 °C), 0.26 kg/s (4.4 °C), and 0.47 kg/s (4.3 °C).   
Figures 3.21 and 3.22 show the effect of refrigerant mass flow rate on the air and refrigerant 
capacity when inlet air temperature, inlet dew point, air mass flow rate, and inlet refrigerant temperature are 
held constant.  There is not a large increase in air capacity when going from a mass flow rate of 0.2 kg/s to 
0.26 kg/s.  However, increasing the mass flow rate to 0.47 kg/s does increase the air capacity by 92%.  For 
reasons to be discussed later, very little frost formed on the heat exchanger at a mass flow rate of 0.2 kg/s.  
This experiment was allowed to run for a much longer duration than the other two experiments so that the 
frost was allowed to fully develop.  The initial unsteadiness of capacity at 0.2 kg/s was caused by 
fluctuations in the refrigerant temperature.  The chilled water temperature used in condensation was 
fluctuating, causing fluctuations in the refrigerant temperature.  Increasing the refrigerant mass flow rate 
when using a single phase refrigerant lowers the surface temperature at the exit of the heat exchanger.  This 
allows for better overall heat transfer across the heat exchanger and increases capacity, but also increases 
the amount of the heat exchanger that frosts.   
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Figure 3.21: Effect of refrigerant mass flow rate on total air side capacity in Tests 4, 5, and 6 
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Figure 3.22: Effect of refrigerant mass flow rate on total refrigerant side capacity in Tests 4, 5, and 6 
The final frost distribution patterns for these three experiments are shown in Figure 3.23.  These 
experiments were conducted at a face velocity of 1.3 m/s, so we expect to see the frost being “pushed” 
further to the back.  The refrigerant mass flow rate will affect how much frost forms on each row.  At 0.2 
kg/s, no frost formed on rows 1 and 3, small amounts formed row 5, and the seventh row has a fair amount 
of frost on it.  As the refrigerant mass flow rate was increased to 0.26 kg/s, more frost formed near the front 
of the heat exchanger, although there is still significantly more frost at the back of the heat exchanger.  
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Finally, at a mass flow rate of 0.47 kg/s, the frost deposition pattern becomes more even.  More frost is still 
seen toward the back of the heat exchanger, rows 1 and 3 have significant amounts of frost on them also. 
 0.2 kg/s (Test 4) 0.26 kg/s (Test 5) 0.47 kg/s (Test 6) 
 8.3 hours 9.60 hours 8.4 hours 
 
 
 
Row 1 
Row 3 
Row 5 
Row 7 
 
Figure 3.23: Effect of refrigerant temperature glide on the frost deposition pattern 
The temperature profile across the heat exchanger again determined the frost deposition pattern.  
The temperature profiles for refrigerant mass flow rates of 0.2, 0.26, and 0.47 kg/s are found in Figures 3.24 
through 3.26 respectively.  At the low refrigerant mass flow rate, no frost was found on rows 1 and 3 
because the tube surface temperature was above the dew point.  Frost could not form.  Row 5 only had a 
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small amount of frost on it because the tube surface temperature was not far below the dew point.  At the 
medium mass flow rate, the entire heat exchanger surface was below the dew point, but the difference 
between the two temperatures was small, especially at the front.  This explains why only small amounts of 
frost formed on rows 1 and 3.  More frost formed at the exit of the heat exchanger because the humidity 
potential was larger.  At the highest refrigerant mass flow rate, there was a large and almost even difference 
between the tube temperature and the dew point.  This caused the frost layer to form almost evenly across 
the heat exchanger and in larger amounts than found in the other two experiments. 
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Figure 3.24: Temperature profile at a refrigerant mass flow rate of 0.2 kg/s (Test 4) 
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Figure 3.25: Temperature profile at a refrigerant mass flow rate of 0.26 kg/s (Test 5) 
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Figure 3.26: Temperature profile at a refrigerant mass flow rate of 0.47 kg/s (Test 6) 
In Figure 3.27, the total frost mass as measured by the scale is shown for the three refrigerant mass 
flow rates.  More frost forms at the higher refrigerant mass flow rate because it had the largest overall 
difference between the dew point and tube surface temperature.  Conversely, at the low refrigerant mass 
flow rate, only a small amount of total frost mass was measured because of the small amount of the heat 
exchanger that was even below the dew point.   
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Figure 3.27: Effect of refrigerant mass flow rate on the total frost mass as measured by the scale in Tests 
4, 5, and 6 
The mass and distribution of frost also affected the air side pressure drop.  Figure 3.28 shows the 
pressure drop across the first two rows.  Since no frost formed on the first two rows at a refrigerant mass 
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flow rate of 0.2 kg/s, no change was seen in the pressure drop.  Small amounts of frost formed at mass flow 
rates of 0.26 and 0.47 kg/s, and small increases in pressure drop were seen in the first two rows.  Figure 
3.29 shows the pressure drop across the first four rows.  Since frost has formed on all of these rows, there 
was an increase in the pressure drop.  The rate of increase in pressure drop was higher in the 0.45 kg/s case 
though because the frost formed at a faster rate in this case than the others.  The pressure drop across the 
first six rows is shown in Figure 3.30 and the pressure drop across the entire heat exchanger is shown in 
Figure 3.31.   The much larger overall frost thickness in the high mass flow rate case shows up as a much 
larger pressure drop.   
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Figure 3.28: Effect of refrigerant mass flow rate on pressure drop across rows 1 and 2 in Tests 4, 5, and 6 
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Figure 3.29: Effect of refrigerant mass flow rate on pressure drop across rows 1 through 4 in Tests 4, 5, 
and 6 
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Figure 3.30: Effect of refrigerant mass flow rate on pressure drop across rows 1 through 6 in Tests 4, 5, 
and 6 
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Figure 3.31: Effect of refrigerant mass flow rate on pressure drop across the heat exchanger in Tests 4, 
5, and 6 
3.2.5 Effect of humidity on frosting  
Relative humidities of 90, 80, and 70 % were studied at an air inlet temperature of 0 °C and face 
velocity of 0.9 m/s with refrigerant temperature glide and inlet temperature help constant.  Figures 3.32 and 
3.33 show the effect of humidity on air and refrigerant side capacity balances.  A 10% increase in relative 
humidity at 0 °C causes approximately a 50% increase in latent load, as shown in Figure 3.34, but causes 
only a 6.5% increase in total capacity.  In the 70% RH case, only a small amount of frost had formed at the 
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end time for the 90 and 80% cases, so the experiment was allowed to run longer so that the fully developed 
frost pattern could be seen. 
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Figure 3.32: Effect of relative humidity on total air side capacity in Tests 7, 8, and 9 
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Figure 3.33: Effect of relative humidity on total refrigerant side capacity in Tests 7, 8, and 9 
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Figure 3.34: Effect of humidity on latent load in Tests 7, 8, and 9 
The frost deposition pattern for the three relative humidities are shown in Figure 3.35.  At 90% 
RH, an even frost pattern is shown, with slightly less frost forming at the front of the heat exchanger.  At 
80% RH, the rows 3, 5, and 7 all have the same amount of frost but less than what was found in the 90% 
case.  The front row does have frost on it, but only a small amount.  At 70% RH, almost no frost was found 
on the front row and small amounts were found on rows 3, 5, and 7.   
The temperature profiles for the 90, 80, and 70% RH cases are shown in Figures 3.36 through 3.38 
respectively.  At 90% RH, the tube surface temperature is far below the dew point.  The humidity potential 
difference is largest at the front rather than the back, therefore we would expect to see slightly more frost at 
the front than in the other rows.  The frost thickness in the first row was less than the others, but the frost 
might be denser.  In the first row, the frost appears to be very smooth, but in row 7, the frost is very ragged.  
The smoother frost might indicate that this frost is denser than the ragged frost in back.  Research 
performed by Robinson (2001) indicates that frost at the leading edge of a fin is denser than the trailing 
edge.     
In the 80% RH case, the tube surface temperature is below the dew point across the heat 
exchanger, but the difference is greatest at the exit of the heat exchanger.  Less frost was found at the front 
than the back.  At 70% RH, the tube surface temperature was almost equal to the dew point in the first row, 
and so only a thin frost layer was able to form.  The humidity potential was greater further back in the heat 
exchanger and more frost formed there.   
The total frost mass as measured by the scale is shown in Figure 3.39.  More frost formed at 90% 
RH than at 70% RH because the overall difference between the dew point and the tube surface temperature 
was greatest at the higher relative humidity case. 
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 90% RH (Test 7) 80% RH (Test 8) 70% RH (Test 9) 
 7.5 hours   7.9 hours 7.5 hours 
 
Row 1 
Row 3 
Row 5 
Row 7 
 
Figure 3.35: Effect of relative humidity on the frost deposition pattern 
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Figure 3.36: Temperature profile at 90% RH (Test 7) 
-12
-10
-8
-6
-4
-2
0
2
0 1 2 3 4 5 6 7 8 9
Tube Row
T
em
p
er
at
u
re
 (o
C
)
Air
Refrigerant
Dew point
Tube
Refrigerant
Tube
Dew point
Air
Air 
inlet
Air
outlet
 
Figure 3.37: Temperature profile at 80% RH (Test 8) 
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Figure 3.38: Temperature profile at 70% RH (Test 9) 
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Figure 3.39: Effect of relative humidity on frost mass as measured by the scale in Tests 7, 8, and 9 
Figures 3.40 through 3.43 show the pressure drop across rows 1 and 2, 1 through 4, 1 through 6, 
and across the heat exchanger respectively.  Relative humidity had almost no effect on the pressure drop 
across rows 1 and 2.  Relative humidity started affecting the pressure drop after the fourth row.  The 
pressure drop at 90% RH is greater than the pressure drop at 80 or 90% RH since there was more frost on 
the heat exchanger.  The pressure drop across the heat exchanger makes this even more evident. 
 42 
0
0.05
0.1
0.15
0.2
0.25
0 2 4 6 8 10 12 14 16 18 20
Time (hours)
P
re
ss
ur
e 
D
ro
p 
(in
ch
es
 o
f H
2O
)
90% RH
80% RH
70% RH
 
Figure 3.40: Effect of relative humidity on pressure drop across rows 1 and 2 in Tests 7, 8, and 9 
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Figure 3.41: Effect of relative humidity on pressure drop across rows 1 through 4 in Tests 7, 8, and 9 
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Figure 3.42: Effect of relative humidity on pressure drop across rows 1 through 6 in Tests 7, 8, and 9 
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Figure 3.43: Effect of relative humidity on pressure drop across the heat exchanger in Tests 7, 8, and 9 
3.2.6 Effect of a large LMTD on frosting  
Three experiments were conducted with a large LMTD (Tests 10, 11, and 12).  In the first two 
cases, the air temperature was 0 °C and the refrigerant temperature was – 30 °C.  The face velocities were 
0.6 m/s and 2.2 m/s respectively.  In the third case, Tain = –10 °C, Trin = - 30 °C, and the face velocity was 
0.5 m/s.  These cases were designed to investigate the maximum frosting rate.   The air and refrigerant 
capacity for these three tests are shown in Figures 3.43 and 3.44.  Tests 10 and 11 were run at the same 
operating conditions, except for the face velocity.  Increasing the face velocity from 0.6 m/s to 2.2 m/s 
caused a 67% increase in capacity.  Unfortunately, the air saturated several times during Test 11.  This 
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caused the latent load calculation to break down, causing the major jumps shown in the air side capacity 
balance. 
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Figure 3.43: Total air side capacity at large LMTD’s 
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Figure 3.44: Total refrigerant side capacity at large LMTD’s 
Although unrealistic, the frost deposition patterns in these three experiments are of interest.  
Pictures of the frost deposition pattern are shown in Figure 3.44.  In Test 10, which had a face velocity of 
0.6 m/s, the front row became totally blocked.  Frost had formed on rows 2, 3, and 4, but were minimal 
compared to the front row.  In Test 11, which had a face velocity of 2.2 m/s, the front row also became 
completely blocked.  However, the other three rows also had significant frosting on them.  In Test 12, the 
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face velocity was 0.5 m/s.  The front row was also completely blocked. Rows 2 and 3 had small amounts of 
frost on them and row 4 had no frost.   
The frost deposition pattern was a direct consequence of the temperature profile across the heat 
exchanger.  These profiles are shown in Figures 3.45 through 3.47.  In Test 10, there is almost a 14 °C 
difference between the inlet dew point and the surface temperature in row 1.  This significant difference 
caused almost all of the incoming water to deposit directly on the first row.  The other rows formed frost, 
but not at the rate of the first row.  In Test 11, the initial difference between the dew point and the tube 
temperature was approximately 7 °C.  This difference was large enough to cause a tremendous amount of 
frost to form on row 1, but that humidity potential continued to remain constant across the entire heat 
exchanger.  As a result, frost formed much more evenly across the heat exchanger.  In Test 12, there was an 
8 °C difference between the inlet dew point and the tube temperature, which also caused all of the frost to 
form on the front row.  This humidity potential declined through the heat exchanger, and thus less frost 
formed on the back rows.  In all three cases, the humidity potential between the incoming air and the heat 
exchanger surface was so large that the water in the air immediately deposited onto the first row, causing it 
to block the fastest.   
The total frost mass readings also bear these humidity potentials out, as shown in Figure 3.48.  
Test 11, with its constant humidity potential difference formed the most frost.  Test 10 formed more frost 
than Test 12 because it operated at a higher air temperature.  Although the relative humidity may be the 
same, the absolute humidity is much larger at higher air temperatures. 
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 Test 10 Test 11 Test 12 
 3.7 hours 2.1 hours 2.5 hours 
 
Row 1 
Row 3 
Row 5 
Row 7 
 
Figure 3.44: Frost deposition patterns at large LMTD’s 
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Figure 3.45: Temperature profile for Test 10 
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Figure 3.46: Temperature profile for Test 11 
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Figure 3.47: Temperature profile for Test 12 
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Figure 3.48: Total frost mass as measured by the scale for Tests 10, 11, and 12 
3.2.7 Conclusions 
The driving force for frosting comes from the difference between the dew point and the surface 
temperature.  The slopes of these lines through the heat exchanger can be manipulated in several ways.  
Increasing the air mass flow rate raises the surface temperature and moves the frost to the back of the heat 
exchanger.  Decreasing the temperature glide decreases the surface temperature at the front of the heat 
exchanger and moves the frost forward.  Increasing the relative humidity moves the frost forward since the 
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absolute humidity of the air increases.  In the unlikely event that a coil would operate with a large LMTD, 
the first row would frost up quickly. 
In a counterflow DX coil with superheat, the surface temperatures would be slightly warmer at the 
front of the heat exchanger due to the lower refrigerant side heat transfer coefficient while the outlet surface 
temperature would be cooler.  However, there is typically a very low air mass flow rate (lower than those 
used in these experiments), which would move the frost to the front because of the large difference between 
the surface temperature and the dew point.  Careful analysis must be done performed to match the surface 
temperature and dew point glides so that an even frost layer forms.  Large changes in this difference causes 
frost to form unevenly.  
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Chapter 4:  Microchannel Evaporator for Low Temperature Operation 
4.1 Introduction 
In an attempt to reduce the refrigerant charge and energy efficiency of supermarket and other low 
temperature systems, a new design of evaporators based on microchannel technology is proposed. 
This evaporator would maintain a similar air side configuration but would replace the round tubes 
with microchannel tubes.  The key issue is to maintain the refrigerant side pressure drop at a reasonable 
level by controlling the number of parallel circuits.  For this reason, a dry model is developed first, followed 
by a model for the evaporator operation under frosting conditions.   
4.2 Dry model description 
The evaporator uses microchannel tubes in aluminum fins with R404A as the refrigerant.  The 
number of tubes in the air flow direction and perpendicular to it can be modified for different evaporator 
designs.  In order to simulate the evaporator, it was divided into finite elements where each row in the air 
flow direction was its own finite element.  Total capacity, air inlet and outlet temperatures, refrigerant inlet 
and outlet temperatures, quality, refrigerant side pressure drops, and air and refrigerant side heat transfer 
coefficients were calculated for each row.  This model is similar to the one employed by Wu (2001). 
4.3 Refrigerant mass flow rate  
The Tyler evaporator studied by Terrell (1999) had a capacity of 1 kW at an evaporation 
temperature of –30 °C and an R404A mass flow rate between 6.61 and 7.76 g/s, which varied as a function 
of the variations in the inlet and outlet conditions.  Using an inlet quality of 0.2 and an outlet quality of 1, 
the predicted refrigerant mass flow rate is 6.7 g/s, a very close agreement.  The newly designed 
microchannel evaporator is meant to replace the Tyler coil and needs a capacity of 1 kW. 
4.4 Refrigerant pressure drop 
Payne (2000) recently studied refrigerant side pressure drop in two microchannel tubes: one with 
six ports and one with 14 ports.  The six port microchannel, as shown in Figure 4.1, was chosen because of 
its lower refrigerant side pressure drop.  The tubes are 18 mm wide and 2 mm high.  Each tube has 6 ports 
with a total refrigerant cross-sectional area of 1.269*10-5 m2.  According to recently published experimental 
results by Payne, the mass flux of refrigerant must be around 100 kg/m2-s in order to limit the refrigerant 
side pressure drop though the microchannel tubes.  At this mass flux, he predicts a pressure drop of 5 
kPa/m. At a refrigerant mass flow rate of 6.7 g/s, four 6-port microchannel tubes must be used to attain this 
pressure drop.  A refrigerant temperature drop of 1 °C in the evaporator tubes is accepted as a reasonable 
criterion for determining the circuit length.  
 
Figure 4.1: 6-port microchannel tube cross-section 
2 mm 
18 mm 
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Results shown by Payne are being further elaborated by Niño, but are not yet in the form of a 
correlation.  These microchannel tube results are compared to three large tube pressure drop correlations in 
Figure 4.2.  The three correlations are by Friedel (1979), Souza (1995), and Jung (1989).  All three 
correlations over predict the refrigerant side pressure drop, but are approximately equal in their predictions.  
Payne noted that the refrigerant side pressure drop correlations specifically designed for microchannel tubes 
did not predict well, which may have been due to the differences in port sizes.  Since this evaporator is 
using the same microchannel tubes as Payne, the large tube correlations would be a better prediction of 
pressure drop.  The refrigerant side pressure drop was calculated using the correlation proposed by Souza 
(1995) for two-phase flow because it was more computationally stable.  The total pressure drop is the sum 
of the frictional pressure drop and the pressure drop due to the acceleration of the refrigerant, which are 
given in Equations 4.1 through 4.5. 
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Figure 4.2: Predicted versus experimental pressure drop through microchannel tubes with R-134A at 
mass fluxes greater than 120 kg/m2-s using large tube correlations 
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4.5 Refrigerant side heat transfer coefficient 
The refrigerant side heat transfer coefficient was calculated using the correlation developed by 
Wattelet et al. (1994) for two-phase flow, which includes a nucleate boiling term and a convective boiling 
term.  Wattelet did not experiment with microchannel tubes, but his correlation is used as a first 
approximation since there are no correlations for R404A in microchannel tubes in open literature. 
( ) 5.2/15.25.2, cbnbtotalref hhh +=  Eqn. 4.6 
( ) 55.01012.05.067.0 log"55 -- -= rrnb PPMqh  Eqn. 4.7 
RFhh lcb =  Eqn. 4.8 
83.0925.11 -+= ttXF  Eqn. 4.9 
4.08.0 PrRe023.0 ll
l
l d
k
h =  Eqn. 4.10 
2.032.1 lFrR = , for Frl < 0.25 Eqn. 4.11a 
R = 1, for Frl ³ 0.25 Eqn. 4.11b 
4.6 Air side heat transfer coefficient 
Unfortunately, literature reviews did not provide any Colburn j-factor correlations for 
microchannel tubes in plain fins.  Kays and Crawford (1993) provided a log-log plot of StPr2/3 versus 
Reynolds number for one heat exchanger they tested which used 446 fins/m and tubes that were 1.5 mm 
apart horizontally and 4.6 mm apart vertically as shown in Figure 4.3.  A curve fit for this plot gives  
3854.03/2 Re1448.0Pr -= dhSt  Eqn. 4.12 
The air side heat transfer coefficient is determined from 
airpair CGSth ,max **=  Eqn. 4.13 
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Figure 4.3: Air side heat transfer coefficients as determined by Kays and Crawford 
Unfortunately, their plot does not provide a correlation that can be used for similar but differing 
geometries.  However, three other air side heat transfer correlations were used to examine the effect of the 
fin spacing on the heat transfer coefficient assuming the same function for the Kays and Crawford geometry.  
The three correlations were Kim, Youn and Webb (1999), Gray and Webb (1986), and Wang and Chang 
(1998).  These correlations were discussed in more detail in Chapter Three.  Figure 4.4 shows the effect of 
fin spacing on the three correlations at the conditions used in the refrigerator display case (face velocity = 
0.5 m/s, Tain = -20 C) when the hydraulic diameter of the microchannel tube was used for the tube diameter.  
At this small tube diameter, which is not within the original experimental range, the Kim, Youn, and Webb 
correlation apparently does not predict well.  A heat transfer coefficient of 0.28 kW/m2-K is not possible.  
The Gray and Webb correlation and the Wang and Chang correlation predict conflicting heat transfer 
coefficients, but both correlations are insensitive to the fin spacing.  As such, the equation given by Kays 
and Crawford for their heat exchanger can be used without regard to the fin spacing since the fin spacing 
used in these models 8.5 mm rather than 2.2 mm.  Unfortunately, the true value of the air side heat transfer 
coefficient is still unknown, but the Kays and Crawford correlation is the closest to our configuration and is 
chosen as the most appropriate. 
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Figure 4.4: Effect of fin spacing on the air side heat transfer coefficient for three correlations at 0.5 m/s 
and –20 °C 
4.7 Fin and surface efficiency 
There are no correlations available in open literature for fin efficiency of inline microchannel tubes 
in flat, plain fins.  Traditional staggered round tubes in plain fin correlations are not appropriate in this 
situation and cannot be used to determine fin efficiency.  The microchannel tubes were considered as 
constant temperature sources within plane fins and the vertical and horizontal tube spacings were used to 
determine the fin efficiency as shown in Incropera and DeWitt (1996). 
( )fin
o
fin
suf A
A
hh --= 11  Eqn. 4.14 
bfair
fin
fin Ah
Q
q
h =  Eqn. 4.15 
( )lengthfin finmNQ *tanh*=  Eqn. 4.16 
csfinfinairb AkPhN q=  Eqn. 4.17 
csfin
finair
Ak
Ph
m =  Eqn. 4.18 
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where Pfin =  fin perimeter, m
2 
 kfin = fin conductivity, kW/m-K 
 Acs = cross-sectional area of fin, m
2 
 Af = fin surface area, m
2 
 finlength = perpendicular distance heat travels through fin to base, m 
4.8 Governing equations 
Three equations were used to describe the operation of the evaporator: the air side energy balance, 
the refrigerant side energy balance, and the rate equation. 
)(, aoutainairpair TTCmQ -= &  Eqn. 4.19 
( )rinroutref hhmQ -= &  Eqn. 4.20 
LMTDAUQ oair=  Eqn. 4.21 
The overall heat transfer coefficient, UA, is given by 
refreftubecstube
tube
oairsufoair AhAk
t
AhAU
111
,
++=
h
 Eqn. 4.22 
4.9 Frosted conditions 
Under frosting conditions, the governing equations must be changed to account for the growing 
frost layer and the addition of a latent load.  A detailed description of these equations can be found in 
Chapter 2 of Wu (2001). 
4.10 Evaporator designs 
Several evaporator configurations were considered, with three being shown in this analysis.  Each 
evaporator is designed to fit within the same volume as used in the existing Tyler coils and to have a fin 
spacing that allows for a similar defrost schedule.  The evaporator depth, width, and height are all variable 
subject to having the same capacity as the Tyler coil (approximately 1 kW). 
The first design places the inlet and outlet refrigerant headers in the middle of the evaporator and 
employs a cross-counterflow configuration on each side of the headers.   The evaporator is two tube rows 
deep and two tubes high.  Refrigerant enters the evaporator in the middle, goes through 1 m of pipe to either 
side of the evaporator, and then returns to the middle through one more meter of tube.  This design is shown 
in Figure 4.5.  Each half of the evaporator is 1 m wide, 0.1143 m high, and 0.132 m deep.  Since the 
bending radius of a microchannel tube cannot handle a bend in the same horizontal plane, the circuiting of 
the microchannels is done as shown in Figure 4.6.  
In the second design, the inlet refrigerant header is also placed in the middle of the evaporator, but 
the outlet headers are placed on each side of the entire evaporator as this design uses three tube rows in the 
air flow direction.  The outlet refrigerant pipes connect downstream of the evaporator.  The configuration of 
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the evaporator for the model is shown in Figure 4.7.  Each half is 1 m long, 0.1143 m high, and 0.198 m 
deep.  The circuiting for this design is shown in Figure 4.8. 
Design 3 is similar to Design 1 except it is four tube rows deep instead of two.  The inlet and 
refrigerant headers are again placed at the center of the evaporator.  A side view showing the circuiting is 
shown in Figure 4.9. 
 
Refrigerant outlet 
Refrigerant inlet 
Air flow 
direction 
 
Figure 4.5: Front view of evaporator design 1  
 
 
Figure 4.6: Side view of evaporator design 1  
 Refrigerant inlet 
Refrigerant 
outlet
Refrigerant 
outlet 
Air flow 
direction  
Figure 4.7: Front view of evaporator design 2 
 
Refrigerant 
outlets 
 
Figure 4.8: Side view of evaporator design 2 
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Figure 4.9: Side view of evaporator design 3 
4.11 Dry microchannel evaporator analysis 
In the three designs, only one half of the overall evaporator was studied because each half is 
identical.  Since the total capacity needed is 1 kW, the capacity from half of the evaporator should be 0.5 
kW.  Standard operating conditions for the evaporators are shown in Table 4.1.  These conditions were 
typically found in the Tyler coil.  Each evaporator has 118 fins per meter (3 fpi) that are 0.2 mm thick. 
Table 4.1: Standard operating conditions for the microchannel evaporator  
Refrigerant mass flow rate  3.9 g/s 
Air mass flow rate 0.075 kg/s 
Inlet air temperature -20 °C 
Inlet refrigerant temperature -30 °C 
Inlet refrigerant quality 0.2 
 
Table 4.2 shows a comparison between the three evaporator designs when the evaporator is 1 m 
wide and operates at the conditions shown in Table 4.1.  As the number of tube rows is increased, so does 
the capacity of the evaporator.  Increasing the tube rows to increase the capacity does meet with diminishing 
returns though.  As the tube rows were increased from 2 to 3, the capacity increased by 31% for a 50% 
increase in total air side area.  Increasing the tube rows from 3 to 4 only increased the capacity by 17% for a 
33% increase in total air side area.  Besides a diminishing increase in capacity, increasing the number of 
tube rows also increases the refrigerant side pressure drop.  At 4 tube rows deep, the refrigerant temperature 
drops by 0.76 °C and the outlet quality has increased to 0.986.  Any further increase in tube length would 
cause a prohibitive drop in refrigerant temperature and would produce a large amount of superheat at the 
exit of the evaporator. 
The two row model does not have sufficient capacity and so will not be considered further.  The 
three row model does have sufficient capacity, but just barely.  A reduction in air mass flow rate would 
cause the capacity to decrease below the acceptable level.  The four row design has more than adequate 
capacity, and this design can be further refined to reduce air side area and evaporator volume. 
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Table 4.2: A comparison of Designs 1, 2, and 3 for a 1 m wide evaporator 
 
Q (kW) Ao (m
2) DPref total 
(kPa) 
Taout 
(°C) 
Trout 
(°C) 
xout 
2 rows 0.374 3.682 6.1 -24.96 -30.37 0.71 
3 rows 0.491 5.523 8.6 -26.52 -30.56 0.868 
4 rows 0.578 7.364 10.9 -27.67 -30.76 0.986 
 
Each circuit in the three row model is 3 m long.  If the four row evaporator is only 0.75 m wide 
instead of 1 m, the tube length would also be 3 m long and should provide the correct amount of capacity.  
These three evaporator designs are shown in Table 4.3.  In reducing the total air side surface area by 25% in 
moving from a 1 m wide evaporator to a 0.75 m wide evaporator, the capacity is reduced by 8.5%.  This 
capacity is still large enough to handle the load of the display case while using less material and having a 
more compact volume.  Since these evaporators still use the same air mass flow rate, the air velocity 
increased from 0.5 m/s to 0.68 m/s as the width was decreased.  The three row deep, 1 m wide evaporator is 
very similar to the four row deep, 0.75 m wide evaporator in capacity, total air side area, and outlet air and 
refrigerant temperatures.  Either design would work well in a display case.  The three row deep, 1 m wide 
evaporator is shallower, and each tube row contributes more to the total capacity.  Unfortunately, the outlet 
headers are placed in an inconvenient location that would add to the manufacturing expense.  The four row, 
0.75 m wide evaporator has a slightly higher capacity due to an increased air velocity.  It also places the 
inlet and outlet headers in the center, which makes connecting the evaporator to the rest of the refrigeration 
system easier. 
Table 4.3: A comparison of a shorter, more compact evaporator 
Design Q (kW) Ao (m
2) 
air 
velocity 
(m/s) 
DPref total 
(kPa) 
Taout 
(°C) 
Trout 
(°C) 
xout 
Uair 
Km
kW
2  
4 rows, 1 
m wide 0.578 7.364 0.506 10.9 -27.67 -30.76 0.986 13.63 
4 rows, 
0.75 m 
wide 
0.529 5.524 0.676 8.6 -27.01 -30.53 0.919 15.6 
3 rows, 1 
m wide 0.491 5.24 0.506 8.6 -26.52 -30.56 0.868 13.63 
 
The evaporator capacity is a strong function of the air mass flow rate.  As this mass flow rate is 
increased, the evaporation temperature can be raised and still maintain a capacity of 0.5 kW.  Figure 4.10 
shows the highest inlet refrigerant that can be used for varying air mass flow rates that maintains a capacity 
of 0.5 kW.  The highest evaporation temperature levels off eventually.  Realistically though, the evaporation 
temperature cannot be raised beyond a certain level because the air outlet temperature must be low enough 
to maintain product temperature.  The effect of the air mass flow rate on the air temperature distribution is 
shown in Figure 4.11. 
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Figure 4.12 shows the air, tube, and refrigerant side resistances in each tube row.  The tube and 
refrigerant side resistance are both small and remain unchanged as the air mass flow rate is increased.  The 
air side resistance decreases as the air mass flow rate is increased due to an increased air side heat transfer 
coefficient.  The air side resistance is the strongest factor in determining the evaporator capacity, and so any 
reduction in this resistance by increasing the air mass flow rate would increase capacity. 
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Figure 4.10: Inlet refrigerant temperature as a function of air mass flow rate for a 1 m wide evaporator 
when capacity is maintained at 0.5 kW 
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Figure 4.11: Air temperature after each row as a function of air mass flow rate for a 1 m wide evaporator 
when capacity is maintained at 0.5 kW 
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Figure 4.12: Resistance as a function of air mass flow rate for a 1 m wide evaporator when capacity is 
maintained at 0.5 kW 
4.12 A comparison between microchannels and round tubes 
The original Tyler coil was made with 15.88 mm (5/8”) round tubes.  The four row deep, 1 m wide 
evaporator was modified to replace the microchannel tubes with 12.7 mm (1/2”) and 15.88 mm round tubes.  
Unlike the Tyler coil, these round tubes were placed in an inline arrangement to mimic the microchannel 
placement.  Table 4.4 shows a comparison between these three designs.  The microchannel tube evaporator 
is superior to either round tube evaporator.  This is caused by a large increase in the air side heat transfer 
coefficient.  On the other hand, that data is not very reliable as the Kays and London equation was meant for 
one geometry only.  The air side heat transfer coefficient correlation needs further justification.  The 
refrigerant side heat transfer coefficient is also tripled in a microchannel, but since the resistance is mainly 
on the air side, this large increase causes the increase in capacity.  The main drawback with the 
microchannel tube is the large refrigerant side pressure drop.  Careful management in designing the circuit 
length can overcome this problem.  Besides a higher capacity, the microchannel tubes also have a lower air 
side pressure drop under the same operating conditions.  Since the free flow area in the microchannel 
evaporator is larger than in the round tube evaporator, the air velocity is lower.  The air velocity in the 
microchannel evaporator can be increased further and still have a lower pressure drop since these tubes 
naturally have a lower pressure drop and the air velocity is lower.  Finally, microchannels have a much 
lower refrigerant charge and so are more environmentally friendly. 
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Table 4.4a: A comparison between microchannel and round tube evaporators having the same external 
size, type, and number of fins 
 Q (kW) Ao (m
2) Vref (cm
3) Air velocity (m/s) 
MCT 0.578 7.364 76 0.51 
12.7 mm round 0.437 7.192 749 0.63 
15.8 mm round 0.433 7.136 1204 0.68 
Table 4.4b: A comparison between microchannel and round tube evaporators having the same external 
size, type, and number of fins 
 hair (kW/m2-K) 
href  
(kW/m2-K) 
Uair 
(kW/m2-K) 
DPref total 
(kPa) Taout (°C) Trout (°C) 
xout 
MCT .0179 3.55 13.6 10.9 -27.67 -30.76 0.986 
12.7 mm 
round 
.0134 1.3 9.4 0 -25.8 -29.59 0.792 
15.8 mm 
round 
.0125 1.05 9.2 0 -25.74 -29.59 0.786 
4.13 Frosted microchannel evaporator 
The three row deep, 1 m wide evaporator was studied under frosting conditions at a relative 
humidity of 80%, an inlet air temperature of –20 °C, and two different air mass flow rates.  At the low air 
mass flow rate of 0.075 kg/s, the inlet refrigerant temperature was –28.9 °C.  At the high air mass flow rate 
of 0.125 kg/s, the inlet refrigerant temperature was –27.3 °C.  This gave both evaporators approximately the 
same capacity (0.5 kW and 0.59 kW respectively).  Based off of the previous experimental results on the 
round tube heat exchanger, less frost forms at higher mass flow rates due to a smaller difference between 
the tube surface temperature and the dew point.  Figures 4.13 and 4.14 show the temperature profiles for 
both evaporators.  At the low air mass flow rate, there is a 6.3 °C temperature difference between the 
surface temperature and dew point at the inlet to the evaporator.  This difference is only 4.7 °C at the higher 
air mass flow rate.  This trend continues throughout the evaporator where the humidity potential difference 
is larger at the lower air mass flow rate than the higher one.  It is expected then that more frost should form 
on the lower air mass flow rate evaporator.  Unfortunately, this is not the case.  Figures 4.15 and 4.16 show 
the expected frost mass on each row for the low and high air mass flow rates.  The total frost mass at the 
low air flow case was 1.165 kg, while the high air flow case had 1.369 kg of frost on it at the end of 24 
hours.  In both cases, more frost formed at the inlet of the evaporator than at the back.  This is due to the 
larger difference in humidity potential at the front of the evaporator than at the back.   
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Figure 4.13: Temperature profile for a 3 row deep microchannel evaporator at an air mass flow rate of 
0.075 kg/s 
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Figure 4.14: Temperature profile for a 3 row deep microchannel evaporator at an air mass flow rate of 
0.125 kg/s 
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Figure 4.15: Frost mass distribution at an air mass flow rate of 0.075 kg/s 
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Figure 4.16: Frost mass distribution at an air mass flow rate of 0.125 kg/s 
The frost mass does not tell the whole story though.  More important to the evaporator operation is 
the frost thickness and density.  Figures 4.17 and 4.18 show the frost thickness and Figures 4.19 and 4.20 
show the density.  At the low air mass flow rate, row one has the largest frost thickness and row three has 
the smallest.  At the high mass flow rate, this trend stays the same, but the three frost thicknesses are much 
closer to each other.  The frost thickness in the first row is also smaller at the higher mass flow rate than the 
lower mass flow rate.  The frost thickness is related to the frost density.  At the higher mass flow rate, the 
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frost density is larger in all three rows, so even though the frost thickness in both cases may be similar, the 
high air flow case will have a larger mass.    Although the addition of extra frost mass initially sounds 
detrimental, the higher density frost will conduct heat better than the lower density frost, and will be less 
affected by the growing frost layer. 
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Figure 4.17: Frost thickness at an air mass flow rate of 0.075 kg/s 
0
0.0001
0.0002
0.0003
0.0004
0.0005
0.0006
0.0007
0.0008
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (hours)
T
h
ic
kn
es
s 
(m
)
Row 1
Row 2
Row 3
 
Figure 4.18: Frost thickness at an air mass flow rate of 0.125 kg/s 
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Figure 4.19: Frost density at an air mass flow rate of 0.075 kg/s 
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Figure 4.20: Frost density at an air mass flow rate of 0.125 kg/s 
4.14 Conclusions 
Microchannel tubes appear to be an effective replacement for round tubes in low temperature 
applications.  The microchannel evaporator has several advantages over the round tube evaporators. 
Microchannels have a higher capacity due to a higher air side heat transfer coefficient.  They also have a 
lower air side pressure drop, and assuming the air current can handle it, this allows for a faster air mass flow 
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rate that would further increase capacity or allow for a reduction in size.  Finally, the microchannel 
evaporators have a significant reduction in refrigerant charge.   
Two evaporator designs were discussed that can replace the current evaporator coil in a 
refrigerated display case. One was 4 rows deep and 0.75 m wide while the other was 3 rows deep and 1 m 
wide.  The 4 row evaporator would be easier to manufacture due to the location of its headers, while the 3 
row evaporator is shallower.  Depending on the application, either evaporator would be a good replacement 
for a traditional round tube evaporator. 
The three row deep, 1 m wide evaporator was also studied under frosting conditions at a low air 
mass flow rate and a high air mass flow rate.  Although previous experimental results show that more frost 
accumulates at a lower air mass flow rate, the frosting model did not predict this.  Instead, a higher frost 
mass was found at the higher air mass flow rate.  Frost thickness was higher at the lower air mass flow rate 
though, and was more unevenly distributed.  This was caused by having a lower frost density than at the 
higher air flow cases.  The higher air mass flow rate case will have denser, thinner frost than the lower air 
flow rate, and capacity will be less affected by the frost 
These microchannel evaporator models have shown that round tubes can be replaced by 
microchannels.  Much more research is needed though, before they can be adequately modeled.  
Correlations must be developed for the air side heat transfer coefficient especially, as this is the most 
dominant factor in determining total capacity.  The applicability of traditional 2-phase refrigerant pressure 
drop and heat transfer correlations for low temperature applications in microchannel tubes must also be 
studied.  Finally, defrosting issues must also be considered.  Can the defrosted water drain adequately if 
placed in a horizontal direction?  Should the evaporator be placed in a vertical or inclined position instead?  
These questions much be addressed before further modeling can be performed. 
Microchannel evaporators can be used under frosting conditions.  The significantly lower 
refrigerant charge and lower air side pressure drop are make these evaporators a better choice than 
traditional round tubes for refrigeration applications. 
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Appendix A:  Description of Test Facilities and Heat Exchanger Design  
A.1 Environmental chamber 
Two environmental test chambers were designed to fit within room 265 in the Mechanical 
Engineering Lab: an evaporator chamber and a condensing chamber (not used in these experiments).  The 
evaporator chamber is 2.1 m wide, 4.6 m long, and 2.5 m high with three doors in it as shown in Figure A.1.  
The wide double doors at the north end of the chamber are used to move large equipment into the chamber 
when necessary.  The door on the west side of the chamber is used as the primary entrance and exit.  The 
chamber walls are made of a 10 cm class 1 urethane insulation sandwiched between sheets of a galvanized 
stucco-embossed metal.  The floor is 2.3 mm thick aluminum.  
The chamber houses the wind tunnel, a pre-cooler, two heaters (although only one is used), and a 
steam inlet.  The pre-cooler (seen in Figure A.2) was connected to the chiller system and was used to cool 
the chamber down to the test conditions while keeping the surface of the test heat exchanger unfrosted.  As 
soon as the air and refrigerant temperatures reached the test conditions, the pre-cooler was turned off, and 
the refrigerant stream was diverted to the test heat exchanger.  A 3.2 kW heater (seen in Figure A.3) was 
used to maintain a constant air temperature within the chamber. It was connected to a PID controller, which 
controlled the heat exchanger (seen in Figure A.4) air inlet temperature using a thermocouple placed near 
the entrance to the heat exchanger.   
A steam line from the building was used to maintain a constant dew point within the environmental 
test chamber.  This choice was made because experience with a previously used steam generating unit 
showed that it took too long for the system to produce steam.  The pipe is 3/8” in diameter and insulated. 
To add the steam to the chamber, the pipeline was extended from its original position above the 
environmental chamber to a spot at the lower southwest corner of the chamber.  The steam enters in the 
region where the exit of the blower and the exit of the air heater meet, to ensure proper mixing of the air and 
the steam.  By injecting the steam into the warm air, snow could not form.  As shown in Figure A.5, the 
steam first enters a separator.  Condensate drains from the bottom and is released to a sink via the use of a 
steam trap.  Saturated vapor leaves through the top of the separator.  It goes through a manually controlled 
valve and then a solenoid valve, which is opened and closed by using a PID controller connected to a 
General Eastern dew point meter.  The steam temperature is measured after it leaves the solenoid valve, but 
before entering the chamber.  The steam enters the chamber through three 1/16” holes drilled into the pipe, 
at a maximum velocity of approximately 1.86 m/s. 
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Figure A.1: Evaporator chamber dimensions 
 
Figure A.2: Pre-cooler in chamber 
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Figure A.3: Blower and heaters in chamber 
 
Figure A.4: Wind tunnel 
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Figure A.5: Steam system 
The expected UA value for the chamber was calculated by using a simple resistance network, 
which included the convection at the inside and outside surfaces and conduction through the urethane foam 
and the two pieces of stainless steel around the foam.  Radiation and infiltration were neglected.  Based on 
this, the expected UA value of the chamber was approximately 7.7 W/°C.   
The actual UA value, including infiltration, was determined in calibration by maintaining a 
constant temperature within the chamber and measuring the temperature change across each wall.  The 
calibration was performed at several heat loads that resulted in different inside temperatures.  The outside 
temperature was maintained by the building controls.  At the steady state temperature of 50 °C, the 
measured UA value was 17.1 W/°C.  However, the conductivity of the wall foam insulation varies 
significantly with temperature, and the final UA value is given by 
ncalibratio
test
ncalibratio
test
k
k
UA
UA
=  Eqn. A.1 
where UAtest = chamber UA value during testing, W/°C 
 UAcalibration = calibrated value of UA, 17.1 W/°C 
 kcalibration = thermal conductivity of foam at 40 °C (average foam temperature) 
 ktest = thermal conductivity at foam temperature during tests  
 ( ) ( ) 017.010*3.710*4.7 2527 ++= -- aveavetest TTk  Eqn. A.2 
Steam trap 
Manual valve 
Condensate drain 
line 
Steam supply line 
Separator 
Solenoid valve 
Thermocouple 
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A.2 Heat exchanger design 
The heat exchanger frosting tests were designed to simulate the frosting that occurs on evaporators 
in supermarket refrigerated display cases.  Several tests were conducted by Terrell (1999) on a conventional 
copper tube – aluminum fin evaporator in two refrigerator display cases using R404A, potassium formate 
(Freezium, Hycool), HFE 7100, and potassium acetate (Pekasol 50).  It was 2.03 m wide, 0.11 m high, and 
0.26 m deep, much too wide to fit into a wind tunnel.  The heat exchanger used in these tests was designed 
to have approximately the same capacity as the display case coils used in earlier experiments, but in a much 
more manageable size.  It is 0.80 m wide, 0.343 m high, and 0.264 m deep.  With these dimensions, the heat 
exchanger has nearly the same volume as the original Tyler evaporator. 
Simulating the experimental conditions, new evaporator designs were analyzed using the ACRC 
refrigeration display case evaporator model.  The original version of that model assumed a two-phase 
region throughout the evaporator operating under cross-flow conditions.  New versions were developed for 
simulating single-phase refrigerants such as hydrofluoroether (HFE), potassium formate (Hycool 45), ethyl 
alcohol, and ethylene glycol in cross-counterflow configurations.  Ethylene glycol was dropped from 
consideration because it would remain laminar throughout the coil, with an unknown effect on the heat 
transfer coefficient due to the boundary layer restarting at every return bend.  It was also unsuitable because 
of its high pressure drop.  Ethanol and Hycool 45 would also be laminar for almost all conditions. HFE was 
selected as the refrigerant because it was the only refrigerant that would almost always operate in the 
turbulent regime (transition at a mass flow rate of 0.22 kg/s).  This provides a higher level of confidence in 
the refrigerant-side heat transfer coefficient.  The pressure drop is also low enough to not require a large 
pump. 
Varying the HFE mass flow rate to achieve a temperature glide across the evaporator between 7 °C 
and 1 °C required a mass flow rate of 100 to 3300 g/s, respectively.  Unfortunately, achieving a refrigerant 
side temperature change of only 1°C, is unattainable with the current system.  The maximum HFE mass 
flow rate by the chiller system is approximately .5 kg/s, which corresponds to a refrigerant temperature 
glide of 3°C. 
The Reynolds number for the HFE with a 3 °C temperature glide is 6900 at –10°C and the Prandtl 
number is 13.5.  With this information and an inner diameter of 10.9 mm, the hydrodynamic and thermal 
entry length is 11 cm (16% of the pass length).   
In determining the capacity of the evaporator, the refrigerant side pressure drop was neglected.  
Inputting the evaporator geometry and using a specified air mass flow rate, inlet air temperature, inlet 
relative humidity, and inlet refrigerant temperature, the following parameters were determined: evaporator 
capacity, outlet air temperature, outlet relative humidity, fin efficiency, initial frost deposition, and the 
increase in air side pressure drop.  Approximate run times were calculated by assuming that the evaporator 
would be defrosted when the air side pressure drop across the evaporator increased by 55%.  Based on data 
from Terrell (1999), this occurs when about 1.2 kg of water have been collected on the evaporator. 
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Typical air inlet temperatures to the evaporator are 0 °C and –20 °C at relative humidities up to 
95%.  The air velocity was varied between 0.5 and 3.0 m/s.  Simulations were run for tube diameters of 9.5 
mm (3/8 inch), 12.7 mm (½ inch), and 15.9 mm (5/8 inch).  The 12.7 mm (½ -inch) diameter tube was 
ultimately chosen because it was easier for the refrigerant to become turbulent than with the 15.9 mm (5/8-
inch) tube.  Although the 12.7 mm (½ inch) diameter tube will be slightly outside the range of published 
correlations (Kim, Youn, and Webb, 1999) at face velocities less than 0.5 m/s, it is very close to the lower 
bound on Re.  An air velocity of 0.53 m/s will put the evaporator into Kim, Youn, and Webb’s correlation 
range.  A fin pitch of 3.2 fpi was also chosen to remain within the published range.  The bounds for the 
correlation and the test ranges used in these experiments are shown in Table A.1. 
Table A.1: Limitations on Kim, Youn, and Webb’s correlation and experimental bounds 
Correlation’s  
lower bound 
Our lower bound Parameter Our upper 
bound 
Correlation’s 
upper bound 
505 476 ReD
* 2857 24707 
0.857 0.866 St/Sl 0.866
 1.654 
1.996 2.7 (frosted) St/D 3 (dry) 2.881 
0.081 0.452 (frosted) s/D 0.605 (dry) 0.641 
* - Based on a face velocity ranging between 0.5 m/s and 3.0 m/s. 
The final specifications for the heat exchanger are shown in Table A.2 as well as the reasoning 
behind each decision.  
Table A.2: Heat exchanger dimensions 
Evaporator width 0.80 m Chosen arbitrarily as 1/3 of the Tyler width, but was easier  to handle than the 
original Tyler coil 
Evaporator height 0.343 m Determined from the transverse tube spacing, St, and at 3 times the Tyler coil 
height 
Evaporator depth 0.264 m Determined from the longitudinal tube spacing, Sl 
Tube diameter 12.7 mm Chosen so that the airside Re would be close to and in the range of published 
correlations at an air velocity of 0.5 to 3 m/s.  The refrigerant flow was also in the 
turbulent regime. 
Fin pitch 126 fpm Chosen to lie in the range of published correlations while allowing easier access to 
the tube surface so that surface temperatures and frost thickness can be 
measured.  The manufacturer could also easily produce this evaporator.  This fin 
pitch is similar to those used in display cases. 
Fin thickness 0.254 
mm 
Same fin thickness as the original Tyler coil.  Fin efficiency is approximately 97%.  
Fins are flat, unlike wavy fins on the original coil, again to facilitate comparisons 
with published data. 
Tube spacing in 
airflow direction, Sl 
0.033 m Close to the original Tyler coil, but could be produced by the manufacturer. 
Tube spacing normal 
to flow, St 
0.038 m Close to the original Tyler coil, but could be produced by the manufacturer. 
Number of tubes in 
airflow direction 
8 Chosen so that frosting with depth can be studied without having too much of an 
airside pressure drop.  Same as Tyler coil 
Number of tubes 
normal to flow 
9 Chosen to have the same approximate size as the original Tyler evaporator. 
Number of circuits 9 Chosen to minimize the refrigerant side pressure drop, but to keep mass flux 
relatively high.  The refrigerant will become turbulent at a mass flow rate of 0.22 
kg/s in each circuit.  3 times the number in the Tyler coil. 
Tube material Copper Same as the original Tyler evaporator and most evaporators. 
Fins flat Al  Same as the original Tyler evaporator and most evaporators. 
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A.3 Wind tunnel  
The wind tunnel used to control and measure the air mass flow rate consists of two sections: a clear 
Plexiglas section that holds the heat exchanger and a sheet metal section that holds the two nozzles and is 
connected to a blower.   
Air enters the wind tunnel through the clear Plexiglas section.  A schematic of this section and how 
it holds the heat exchanger is shown in Figure A.6 and a picture is shown in Figures A.7 and A.8.  A grid of 
six thermocouples is placed before and after the heat exchanger to measure the temperature.  The average 
temperatures are used in the calculations.  The wind tunnel is 0.86 m wide, 0.4 m high, and 0.49 m deep 
with four collection trays on the bottom to collect the melted frost after the test run.  This water is measured 
to determine how much moisture accumulated on the heat exchanger.  In addition, the heat exchanger wind 
tunnel section is weighed continuously during the experiment to monitor frost accumulation rates using a 
Sartorius economy scale, capable of weighing up to 60 kg  ± 2 g.  The final mass of frost measured by the 
scale is taken as the final scale weight minus the weight of the scale before the steam is added. 
0.86 
0.80 
0.34 
0.057 
Inlets Outlets 
0.264 
.058 .058 .058 .058 
0.492 
.127 
.178 
Air  
Thermocouple  
Grid 
Air 
Flow 
.051 
Cross supports 
All measurements are in meters 
All panels are 0.635 cm thick  
Figure A.6: Heat exchanger duct schematic 
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Figure A.7: Front view of heat exchanger 
 
Figure A.8: Side view of heat exchanger 
In previous experiments on an industrial unit cooler, trays were placed underneath each tube row.  
As the frost melted, the water dripped down into the collection trays.  This water was measured and 
correlated to the pressure drop across the evaporator, which showed good agreement.  However, in this 
smaller heat exchanger, frost forms along the entire length of the fin, rather than simply around the tubes as 
in the unit cooler case.  As the frost melts, it travels along the frost to the back of the heat exchanger and the 
water drips into the back collection trays.  Although the water measured in each row is no longer an 
Collection 
trays 
Scale 
Refrigerant pass 
thermocouples 
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accurate prediction of the frost accumulation for that row, the total amount of water collected correlates 
well with the weight of frost measured by the scale.  
Because of the scale, rigid connections were not permitted between the Plexiglas section and the 
sheet metal section, nor with the refrigerant lines entering and exiting the wind tunnel.  To solve the first 
problem, the two wind tunnel sections were connected with a .2 mm thick polyethylene sheet.  The 
refrigerant lines actually exiting the wind tunnel from the heat exchanger were flexible hoses with slack in 
the line.  The hoses connected with the rigid copper piping again outside of the wind tunnel (Figure A.9). 
The rest of the wind tunnel consists of two sheet metal heating ducts with two 4” nozzles in 
between as shown in Figure A.10.  The first 12” section provides a buffer zone between the evaporator and 
nozzle in accordance with ASHRAE (1986) Standard 40 for flow measurement.  The nozzles were mounted 
onto a piece of 3/8” thick wood and inserted parallel to the flow to ensure an accurate measurement of a 
wide range of flow rates.  After the nozzles, an immersion thermocouple was placed in the air stream to 
measure the mixed outlet temperature.  A contraction occurs at the end of the wind tunnel so that the flow 
enters the blower more easily.  A 3 hp Dayton blower pulls air through at a face velocity between 0.5 and 
2.3 m/s.  Pressure taps were placed on either side of the nozzle and connected to a 622 Pa Setra pressure 
transducer so that the pressure drop across the nozzles could be measured and converted into an air mass 
flow rate. 
 
Figure A.9: Refrigerant inlet and outlet hoses  
Refrigerant outlets 
Valve 
Refrigerant inlets 
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Figure A.10 Sheet metal wind tunnel section 
A.4 Chiller system 
A chiller system was used to cool the HFE to the proper operating conditions.  A schematic of this 
system was shown in Chapter 2 and the actual system is shown in Figure A.11.  Starting with the standard 
vapor compression loop using R404A, the R404A goes through a Copeland condensing unit with a capacity 
of 2.4 kW at –40 °C.  Chilled water is used to cool the R404A in the condenser.  After the refrigerant leaves 
the condenser, it goes through a thermostatic expansion valve (TXV) where it expands into the 2-phase 
regime.  It then enters a FlatPlate counterflow plate evaporator that chills the HFE.  The R404A then returns 
to the compressor.  
The HFE exits the plate evaporator and enters a tank used to store the HFE.  It then goes through a 
pump, which is connected to a frequency controller.  Adjusting the frequency changes the HFE mass flow 
rate.  The pump is a Teel gear pump connected to a 1.5 hp GE motor.  The HFE enters an electrical heater 
to heat it slightly to the operating condition, typically either –30 °C or –10 °C, using a PID controller.  After 
the HFE exits the heater, it goes through a Micro Motion CMF025 Elite mass flow meter.  The HFE is then 
directed either to the pre-cooler or the test heat exchanger.  The pre-cooler is used to cool the chamber to 
the test conditions without forming frost on the test heat exchanger.  As soon as the chamber is cooled, the 
manual valves going to the pre-cooler are shut and the heat exchanger valves opened, allowing the testing to 
start.  After leaving the test heat exchanger, the HFE then reenters the plate evaporator and the cycle 
continues. 
A.5 Additional measurements 
Besides the scale and water collection measurements, there are three additional means to determine 
the distribution and amount of frost on the heat exchanger.  Manual air side pressure drop measurements are 
made across the heat exchanger using a U-tube manometer.  Five pitot tubes were placed across the heat 
exchanger and are located as shown in Figure A.12.  Pictures are taken of the frost formation across the heat 
exchanger using four circuit board cameras connected to Snappy frame-grabbing software.  The pictures 
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and pressure drop measurements are taken manually at specified intervals of approximately one hour.  The 
dehumidification rate is measured by measuring the dew point of the chamber and at the exit of the heat 
exchanger. 
 
Figure A.11: Chiller system 
 
Figure A.12: Pressure taps and cameras 
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Appendix B:  Instrumentation/Data Acquisition  
This section discusses the instrumentation used in the frosting experiments on the refrigeration 
coil, and how it was connected to the data acquisition system. 
B.1 List of instruments 
The equipment used in the evaporator chamber in room 265 of the Mechanical Engineering Lab 
was equipped with the following equipment. 
Temperature: Measurements were made using thermocouple wire and probes, type T (copper-
constantan) 
Probes: Omega GTMQSS-125E 
Error: ± 0.2 °C (from calibration and manufacturer’s data) 
 
Pressure:  Pressure drops were measured across the nozzles in the wind tunnel and across the heat 
exchanger. 
Nozzle Pressure Drop: Setra Pressure Transducer 
Model: 239 
Serial Number: 1189432 
Pressure Range: 0 to 2.5 in WC 
Output Range: 0 to 5 VDC 
Error:  ± 0.1 FS (manufacturer) 
Heat Exchanger Pressure Drop: Dwyer Inclined Manometer 
Pressure Range: 0 to 10 IN WC 
Error: ±0.005 inches of water (readability range) 
 
Refrigerant Mass Flow Rate: Micro Motion 
Sensor 
Model: CMF025M319NU 
Serial Number: 331502 
Transmitter 
Model: RFT973E4SUJ 
Serial Number: 331502 
Error: 0.1% of reading (manufacturer) 
 
Power: Ohio Semitronics Watt Transducers 
Blower 
Model: GW5-023CX5 
Serial Number: 63735 
8000 W, 0-300 V input, 0 – 5 V DC output 
Pre-cooler 
Model: GW5-020CX5 
Serial Number: 9071648 
4000 W, 200-280 V input, 0 – 5 V DC output 
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Air Heater 
Model: GW5-021X5 
Serial Number: 56134 
8000 W, 0-600 V input, 0 – 5 V DC output 
Error: ± 0.04 % F.S. (manufacturer) 
 
Dew Point: General Eastern 
Inlet Chilled Mirror 
Model: D-2-SR 
Serial Number: 2610999 
Error: ±0.2 °C (manufacturer) 
Outlet Chilled Mirror 
Model: D-2-SR 
Serial Number: 0041097 
Error: ±0.2 °C (manufacturer) 
Inlet Dew Point Monitor: Hygro M4 
Model: M4-PR-115V 
Serial Number: 2610999 
Outlet Dew Point Monitor: Hygro M4 
Model: P4 
Serial Number: 0041097 
 
Frost Mass: Sartorius Economy scale 
Model Number: EA 60EDE-1 
Serial Number: 113033350 
Error: ± 2 grams (manufacturer) 
 
Data Acquisition System: Campbell Scientific 
Data Logger 
Model: CR23X 
Serial Number: 2248 
Error: 0.1% FS 
Multiplexer (2 units) 
Model: AM416 
B.2 Data acquisition 
All thermocouples are connected to the two multiplexers as shown in Table B.1.  Each multiplexer 
has two output channels, designated 1 and 2.  These multiplexers are then connected to the data logger by 
thermocouple cable, where the other instruments are also connected.  In that way, the reference temperature 
is measured at the data logger base and is equal for all four channels.  This layout is shown in Table B.2.  
The data logger is connected to the computer via an RS232 port where the data can be viewed in real time.  
The data is stored as an ASCII comma separated text, which is read in Excel.  The data is analyzed using a 
computer program called Engineering Equation Solver (EES) by Klein and Alvarado (1999).   
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Table B.1: Multiplexer thermocouple connections 
Set Number Channel Number Multiplexer 1 Multiplexer 2 
1 1 Ttf1 Trpass1 
1 2 Tain1 Ta,nozzle 
2 1 Ttb1 Trpass2 
2 2 Tain2 Twall,in1 
3 1 Ttf2 Trpass3 
3 2 Tain3 Twall,in2 
4 1 Ttb2 Trout1 
4 2 Tain4 Twall,in3 
5 1 Ttf3 Trout2 
5 2 Tain5 Twall,in4 
6 1 Ttb3 Trout3 
6 2 Tain6 Twall,in5 
7 1 Ttf4 Trout4 
7 2 Tamiddle,1 Twall,in6 
8 1 Ttb4 Trout5 
8 2 Tamiddle,2 Twall,out1 
9 1 Tfin1 Trout6 
9 2 Tamiddle,3 Twall,out2 
10 1 Tfin2 Trout7 
10 2 Taout1 Twall,out3 
11 1 Tfin3 Trout8 
11 2 Taout2 Twall,out4 
12 1 Tfin4 Trout9 
12 2 Taout3 Twall,out5 
13 1 Tfin5 Trin 
13 2 Taout4 Twall,out6 
14 1 Tfin6 free 
14 2 Taout5 Tsp 
15 1 Tfin7 free 
15 2 Taout6 Tnoz,L 
16 1 Tfin8 free 
16 2 Tsteam Tnoz,R 
Table B.2: Data logger connections 
Datalogger Channel Connection 
1 Multiplexer 1, com 1 
2 Multiplexer 1, com 2 
3 Multiplexer 2, com 1 
4 Multiplexer 2, com 2 
5  Dew point meter inlet 
6 M_dot_ref 
7 dPnozzle 
8 Wblower 
9 free 
10  Wheater,2 
11 Dew point meter outlet 
12 Wpre-cooler 
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Appendix C:  Instrument Calibrations 
C.1 Thermocouple calibration 
C.1.1 Procedure 
The thermocouples were calibrated at two different temperatures, 0 °C and room temperature.  At 
0 °C, the thermocouples were calibrated in two bunches due to the large number of thermocouples.  The 
first set contained all the wire thermocouples while the second set contained all the immersion 
thermocouples.  Each set was bound together so that the thermocouples would be reading the temperature 
from the same area.  A high accuracy thermometer was placed inside this bundle.  These thermocouples 
were placed in an ice slurry made of fine crushed ice cubes and water inside of an insulated Dewar bottle 
with the thermocouples in the middle (not touching the walls), as shown in Figure C.1.  The data was 
acquired using the data logger and multiplexer system and compared to the readings from the NIST-
traceable thermometer. 
For the room temperature calibration, the thermocouples were placed between one inch thick slabs 
of insulation along with the high accuracy thermometer so that the effects of short-term room temperature 
fluctuations would be minimized.   
 
Thermometer 
Thermocouples 
 
Multiplexer 
23X 
Datalogger PC 
RS 232 
 
Figure C.1: Thermocouple Calibration Set-up 
C.1.2 Calibration results for thermocouples 
The data acquired through the data logger was averaged over five hours. The results are shown in 
Table C.1.   Let T’=A*T+B, where T’ is the modified value and T is the measured value from the data 
logger. Coefficients A and B are shown in Table C.2.  These coefficients were calculated by curve fitting 
the data between 0 °C and room temperature. 
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Table C.1a: Calibration temperature measurements 
 0 C Calibration Room Temp. Calibration 
T/C Actual (°C) Measured (°C) Actual (°C) Measured (°C) 
T_tf1 0.00 0.048 23.47 23.560 
T_tb1 0.00 0.148 23.47 23.556 
T_tf2 0.00 -0.037 23.47 23.514 
T_tb2 0.00 0.040 23.47 23.500 
T_tf3 0.00 0.057 23.47 23.550 
T_tb3 0.00 0.019 23.47 23.522 
T_tf4 0.00 -0.076 23.47 23.466 
T_tb4 0.00 -0.099 23.47 23.472 
T_fin1 0.00 0.048 23.47 23.516 
T_fin2 0.00 -0.011 23.47 23.472 
T_fin3 0.00 -0.131 23.47 23.418 
T_fin4 0.00 -0.163 23.47 23.408 
T_fin5 0.00 0.251 23.47 23.540 
T_fin6 0.00 -0.049 23.47 23.460 
T_fin7 0.00 -0.141 23.47 23.430 
T_fin8 0.00 -0.212 23.47 23.394 
Table C.1b: Calibration temperature measurements 
 0 C Calibration Room Temp. Calibration 
T/C Actual (°C) Measured (°C) Actual (°C) Measured (°C) 
T_ain1 0.00 0.290 23.47 23.582 
T_ain2 0.00 -0.173 23.47 23.540 
T_ain3 0.00 0.171 23.47 23.522 
T_ain4 0.00 0.059 23.47 23.504 
T_ain5 0.00 0.016 23.47 23.560 
T_ain6 0.00 0.148 23.47 23.516 
T_amid1 0.01 0.092 23.47 23.536 
T_amid2 0.01 0.047 23.47 23.536 
T_amid3 0.01 0.231 23.47 23.588 
T_aout1 0.00 -0.048 23.47 23.470 
T_aout2 0.00 -0.180 23.47 23.418 
T_aout3 0.00 0.050 23.47 23.412 
T_aout4 0.00 0.248 23.47 23.514 
T_aout5 0.00 0.066 23.47 23.442 
T_aout6 0.00 0.101 23.47 23.412 
T_steam 0.01 0.003 23.47 23.478 
T_rpass1 0.01 0.089 23.47 23.532 
T_rpass2 0.01 0.055 23.47 23.516 
T_rpass3 0.01 0.012 23.47 23.490 
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Table C.1b: Calibration temperature measurements (cont.) 
 0 C Calibration Room Temp. Calibration 
T/C Actual (°C) Measured (°C) Actual (°C) Measured (°C) 
T_rout1 0.01 0.010 23.47 23.466 
T_rout2 0.01 0.132 23.47 23.542 
T_rout3 0.01 0.067 23.47 23.532 
T_rout4 0.01 0.032 23.47 23.492 
T_rout5 0.01 0.012 23.47 23.482 
T_rout6 0.01 0.217 23.47 23.542 
T_rout7 0.01 0.080 23.47 23.530 
T_rout8 0.01 0.005 23.47 23.500 
T_rout9 0.01 0.009 23.47 23.488 
T_rin 0.01 0.122 23.47 23.542 
T_anozzle 0.01 -0.012 23.47 23.450 
Table C.2: Coefficients for the thermocouple calibration 
T/C A B 
T_tf1 1.0018 0.0475 
T_tb1 0.9974 0.148 
T_tf2 1.0034 -0.0365 
T_tb2 0.9996 0.0395 
T_tf3 1.001 0.057 
T_tb3 1.0014 0.0185 
T_tf4 1.0031 -0.076 
T_tb4 1.0043 -0.099 
T_fin1 0.9999 0.048 
T_fin2 1.0005 -0.0105 
T_fin3 1.0034 -0.131 
T_fin4 1.0043 -0.163 
T_fin5 0.9923 0.251 
T_fin6 1.0017 -0.049 
T_fin7 1.0043 -0.141 
T_fin8 1.0058 -0.2115 
T_ain1 0.9924 0.2895 
T_ain2 1.0104 -0.173 
T_ain3 0.995 0.1705 
T_ain4 0.999 0.0585 
T_ain5 1.0032 0.0155 
T_ain6 0.9957 0.1475 
T_amid1 0.9993 0.0823 
T_amid2 1.0012 0.0372 
T_amid3 0.9956 0.2213 
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Table C.2: Coefficients for the thermocouple calibration (cont.) 
T/C A B 
T_aout1 1.002 -0.0475 
T_aout2 1.0054 -0.1795 
T_aout3 0.9954 0.0495 
T_aout4 0.9913 0.2475 
T_aout5 0.996 0.0655 
T_aout6 0.9932 0.101 
T_steam 1.0006 0.00325 
T_rpass1 0.9993 0.0793 
T_rpass2 1.0001 0.0445 
T_rpass3 1.0008 0.015 
T_rout1 0.9999 -0.0005 
T_rout2 0.9979 0.1215 
T_rout3 1.0002 0.0567 
T_rout4 1 0.0217 
T_rout5 1.0004 0.0022 
T_rout6 0.9943 0.2068 
T_rout7 0.9996 0.0698 
T_rout8 1.0015 -0.0055 
T_rout9 1.0008 -0.001 
T_rin 0.9983 0.1123 
T_anozzle 1.0001 -0.0223 
C.2 Differential pressure transducer for air calibration 
C.2.1 Procedure 
The pressure taps across the nozzles in the wind tunnel were connected to both the Setra pressure 
transducer and to an inclined ethyl alcohol manometer with a density of 790 kg/m3.  The inclined 
manometer was chosen because it is simple and its error is only a function of the fluid density and 
resolution of the reading (0.1 mm).  The blower, which controls the flow through the wind tunnel, was 
incrementally adjusted to look at the pressure drop over a wide variety of mass flow rates.  The voltage 
from the pressure transducers was compared to the pressure drop measured by the manometer.   
C.2.2 Results 
The calibration curve for the pressure transducer is shown in Figure C.2.  In this graph, the voltage 
from the pressure transducer is related to the pressure drop measured by the manometer.  The results from 
the Setra calibration are also shown.  A best curve fit analysis was used to determine the calibration curve.  
The calibration determined from our tests was used in the data reduction. 
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Figure C.2: Air pressure transducer calibration curve 
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Appendix D:  Heat Gains to the Refrigerant Lines and Wind Tunnel 
D.1 Description of resistance network 
Due to constraints in designing the wind tunnel and heat exchanger connections, the system 
boundaries for the air and refrigerant side capacity checks do not coincide.  On the air side, heat 
transmission through the wind tunnel walls affects the air temperature difference because the wind tunnel 
could not be insulated for visual reasons.  This heat input is Qwindtunnel, and is calculated by taking the 
difference between the chamber temperature and the heat exchanger air outlet temperature and dividing it 
by the total resistance as shown in Eqn. 1. 
windtunneltotal
aoutain
windtunnel R
TT
Q
,
-
=  Eqn. 1 
wtinwtplexi
plexi
wtout
windtunneltotal AhAk
t
Ah
R
11
, ++=  Eqn. 2 
where  Awt=Surface area of the wind tunnel 
hin = air side heat transfer coefficient inside the wind tunnel 
Assumed to be the same as the heat exchanger air heat transfer coefficient. 
Used Kim, Youn, and Webb’s correlation 
hout = air side heat transfer coefficient outside the wind tunnel.  
Defined as 6 W/m2-K (Incropera and DeWitt, 1996) 
kplexi = thermal conductivity of the Plexiglas, 0.195 W/m-K 
tplexi = thickness of Plexiglas, 0.009525 m 
On the refrigerant side, heat exchanges in the nine inlet hoses, nine outlet hoses, and length of copper pipe 
between the thermocouple and the inlet hoses and is given by 
inhosecopperouthosetubes QQQQ ,, 99 ++=  Eqn. 3 
hose
routain
outhose R
TT
Q
-
=,  Eqn. 4 
copper
rinain
copper R
TT
Q
-
=  Eqn. 5 
hose
rinain
inhose R
TT
Q
-
=,  Eqn. 6 
The hoses are made of Tygon tubing with a thermal conductivity of 0.1 W/m-K and are 0.508 m long.  The 
copper tubing has a thermal conductivity of 401 W/m-K and is 0.635 m long.  The hoses and the copper 
tubing are covered in Armaflex insulation with a thermal conductivity of 0.04 W/m-K.  The resistance 
network for the hoses and copper piping are given by: 
( )
hoseouthoseinshosehosehoseref
hose LrhLk
rr
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R
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1 2
1
2
)/ln(
2
/ln
2
1
pppp
+++=  Eqn. 7 
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copperoutcopperinscoppercoppercopperref
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2
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+++=  Eqn. 8 
where href = refrigerant heat transfer coefficient, W/m
2-K 
Calculated using the Gnielinski correlation 
hout = air heat transfer coefficient on the outside of the pipes and hoses, W/m
2-K 
Assumed to be 6 W/m2-K (Incropera and DeWitt, 1996) 
r1 = hose inner radius, m 
r2 = hose outer radius, m 
r3 = insulation outer radius, m 
r4 = copper pipe inner radius, m 
r5 = copper pipe outer radius, m 
r6 = insulation outer radius, m 
D.2 Results 
Four tests have been run to date, covering both medium and high face velocities as well as low and 
high refrigerant mass flow rates.  Table D.1 shows the test conditions for these four tests as well as the 
associated air and refrigerant side heat transfer coefficients at the end of the test run used in calculating the 
heat gains to the wind tunnel and refrigerant lines. 
Table D.1: Refrigerant and air heat transfer coefficients used in calculating the heat gains 
Test Date Face Vel. 
(m/s) 
m_dot_ref 
(g/s) 
T_ain 
(°C) 
T_rin (°C) h_in 
(W/m2-K) 
h_ref 
(W/m2-K) 
4/6/01 1.3 450 0 -10 11.6 475 
4/9/01 1.3 200 0 -10 13.0 178 
4/15/01 1.3 260 0 -10 13.5 263 
4/16/01 1.3 500 0 -30 19.6 413 
 
Table D.2 shows the capacities based on the refrigerant and air side capacity balances as well as the heat 
gains through the wind tunnel and refrigerant hoses.   
Table D.2: Capacity of heat exchanger and heat gains into system boundaries 
Test Date Q_air (kW) Q_windtun
nel (kW) 
% of 
Q_air 
Q_ref (kW) Q_hoses 
(kW) 
% of Q_ref 
4/6/01 2.5 0.027 1.13 2.1 0.062 2.95 
4/9/01 1.26 0.013 1.02 1.01 0.039 3.84 
4/15/01 1.36 .015 1.10 1.27 0.042 3.30 
4/16/01 5.2 .040 0.77 5.15 0.121 2.35 
 
While the heat transmission through the wind tunnel accounts for only 1% of the total capacity measured, 
the heat gain in the refrigerant lines can account for almost 4% of the total capacity.  The heat gains in the 
refrigerant lines make a significant difference in the measured capacity of the heat exchanger, and should be 
included in determining that capacity.  Although the transmission through the wind tunnel is small, those 
gains should also be included in calculating the capacity of the heat exchanger based on air side 
measurements. 
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Appendix E:  Dry Surface Experimental Data 
E.1 Test 1 data: March 3, 2001 
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Figure E.1: Average air and refrigerant temperatures 
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Figure E.2: Inlet air temperature distribution 
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Figure E.3: Outlet air temperature distribution 
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Figure E.4: Outlet refrigerant temperature distribution 
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Figure E.5: A comparison between the average outlet air temperature and the nozzle temperature 
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Figure E.6: Refrigerant and air mass flow rates  
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Figure E.7: Power consumption 
E.2 Test 2 data: March 4, 2001 
-30
-20
-10
0
10
20
30
0 1 2 3 4 5 6 7 8 9
Time (hours)
T
em
p
er
at
u
re
 (o
C
)
T_ain
T_aout
T_rin
T_rout
Tain
Taout
Trout
Trin
 
Figure E.8: Average air and refrigerant temperatures 
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Figure E.9: Inlet air temperature distribution 
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Figure E.10: Outlet air temperature distribution 
 93 
-24
-23.5
-23
-22.5
-22
-21.5
-21
3 4 5 6 7 8 9
Time (hours)
T
em
p
er
at
u
re
 (
o
C
)
T_rout1 T_rout2 T_rout3 T_rout4 T_rout5
T_rout6 T_rout7 T_rout8 T_rout9 T_rout
 
Figure E.11: Outlet refrigerant temperature distribution 
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Figure E.12: A comparison between the average outlet air temperature and the nozzle temperature 
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Figure E.13: Air and refrigerant mass flow rates 
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Figure E.14: Power consumption 
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E.3 Test 3 data: April 19, 2001 
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Figure E.15: Average air and refrigerant temperatures 
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Figure E.16: Inlet air temperature distribution 
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Figure E.17: Outlet air temperature distribution 
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Figure E.18: Outlet refrigerant temperature distribution 
 97 
-25
-20
-15
-10
-5
0
-25 -20 -15 -10 -5 0
Outlet Air Temperature (oC)
N
o
zz
le
 T
em
p
er
at
u
re
 (
o
C
)
 
Figure E.19: A comparison between the average outlet air temperature and the nozzle temperature 
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Figure E.20: Air and refrigerant mass flow rates 
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Figure E.21: Power consumption 
E.4 Test 4 data: April 22, 2001 
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Figure E.22: Average air and refrigerant temperatures 
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Figure E.23: Inlet air temperature distribution 
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Figure E.24: Outlet air temperature distribution 
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Figure E.25: Outlet refrigerant temperature distribution 
-30
-25
-20
-15
-10
-5
0
-30 -25 -20 -15 -10 -5 0
Air Outlet Temperature (oC)
N
o
zz
le
 T
em
p
er
at
u
re
 (
o
C
)
 
Figure E.26: A comparison between the average outlet air temperature and the nozzle temperature 
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Figure E.27: Air and refrigerant mass flow rates 
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Figure E.28: Power consumption 
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Appendix F:  Wet Surface Experimental Data 
F.1 April 6, 2001 – Test 6  
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Figure F.1: Average air and refrigerant temperatures 
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Figure F.2: Inlet air temperature distribution 
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Figure F.3: Outlet air temperature distribution 
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Figure F.4: Refrigerant outlet temperature distribution 
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Figure F.5: A comparison of the average air outlet temperature to the nozzle temperature 
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Figure F.6: Inlet and outlet dew points 
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Figure F.7: Air and refrigerant mass flow rates 
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Figure F.8: Power consumption 
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Figure F.9: Refrigerant and air side capacity 
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Figure F.10: Latent and sensible load 
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Figure F.11: A comparison of the frost mass as measured by the scale to the frost mass from the 
measured dehumidification rate 
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Figure F.12: Pressure drop across the heat exchanger 
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Figure F.13: Average air and refrigerant temperatures 
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Figure F.14: Inlet air temperature distribution 
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Figure F.15: Air outlet temperature distribution 
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Figure F.16: Refrigerant outlet temperature distribution 
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Figure F.17: A comparison of the average air outlet temperature to the nozzle temperature 
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Figure F.18: Inlet and outlet dew points 
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Figure F.19: Air and refrigerant mass flow rates 
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Figure F.20: Power consumption 
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Figure F.21: Refrigerant and air side capacity 
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Figure F.22: Latent and sensible load 
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Figure F.23: A comparison of the frost mass as measured by the scale to the frost mass from the 
measured dehumidification rate 
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Figure F.24: Pressure drop across the heat exchanger 
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Figure F.25: Average air and refrigerant temperatures 
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Figure F.26: Inlet air temperature distribution 
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Figure F.27: Outlet air temperature distribution 
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Figure F.28: Refrigerant outlet temperature distribution 
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Figure F.29: A comparison between the average air outlet temperature to the nozzle temperature 
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Figure F.30: Inlet and outlet dew points 
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Figure F.31: Air and refrigerant mass flow rates 
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Figure F.32: Power consumption 
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Figure F.33: Air and refrigerant side capacity 
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Figure F.34: Latent and sensible load 
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Figure F.35: A comparison of the frost mass from the measured dehumidification rate to the mass 
measured by the scale 
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
5 6 7 8 9 10 11 12 13 14 15 16
Time (hours)
P
re
ss
u
re
 D
ro
p
 (
in
ch
es
 o
f 
H
2O
)
dP1
dP2
dP3
dP4
 
Figure F.36: Pressure drop across the heat exchanger 
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Figure F.37: Average air and refrigerant temperatures 
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Figure F.38: Inlet air temperature distribution 
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Figure F.39: Outlet air temperature distribution 
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Figure F.40: Refrigerant outlet temperature distribution 
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Figure F.41: A comparison of the average air outlet temperature to the nozzle temperature 
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Figure F.42: Inlet and outlet dew points 
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Figure F.43: Air and refrigerant mass flow rates 
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Figure F.44: Power consumption 
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Figure F.45: Air and refrigerant side capacity 
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Figure F.46: Latent and sensible load 
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Figure F.47: A comparison between the frost mass as measured by the scale to the frost mass from the 
measured dehumidification rate 
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Figure F.48: Pressure drop across the heat exchanger 
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Figure F.49: Average air and refrigerant temperatures 
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Figure F.50: Inlet air temperature distribution 
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Figure F.51: Outlet air temperature distribution 
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Figure F.52: Outlet refrigerant temperature distribution 
 128 
-25
-20
-15
-10
-5
0
-25 -20 -15 -10 -5 0
Air Outlet Temperature (oC)
N
o
zz
le
 T
em
p
er
at
u
re
 (
o C
)
 
Figure F.53: A comparison between the average air outlet temperature and the nozzle temperature 
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Figure F.54: Inlet and outlet dew point 
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Figure F.55: Air and refrigerant mass flow rates 
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Figure F.56: Power consumption 
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Figure F.57: Air and refrigerant side capacity 
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Figure F.58: Latent and sensible load 
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Figure F.59: A comparison between the mass of frost as measured by the scale and the frost mass from 
the measured dehumidification rate 
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Figure F.60: Pressure drop across the heat exchanger 
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Figure F.61: Average air and refrigerant temperatures 
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Figure F.62: Inlet air temperature distribution 
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Figure F.63: Outlet air temperature distribution 
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Figure F.64: Refrigerant outlet temperature distribution 
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Figure F.65: A comparison between the average outlet air temperature and the nozzle temperature 
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Figure F.66: Inlet and outlet dew points 
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Figure F.67: Air and refrigerant mass flow rates 
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Figure F.68: Power consumption 
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Figure F.69: Air and refrigerant capacity 
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Figure F.70: Latent and sensible load 
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Figure F.71: A comparison between the frost mass as measured by the scale and the frost mass from the 
measured dehumidification rate 
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Figure F.72: Pressure drop across the heat exchanger 
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Figure F.73: Average air and refrigerant temperatures 
-5
-4
-3
-2
-1
0
1
2
3
4
6 6.2 6.4 6.6 6.8 7 7.2 7.4
Time (hours)
T
em
p
er
at
u
re
 (
o C
)
T_ain1 T_ain2 T_ain3 T_ain4
T_ain5 T_ain6 Tain
 
Figure F.74: Inlet air temperature distribution 
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Figure F.75: Outlet air temperature distribution 
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Figure F.76: Outlet refrigerant temperature distribution 
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Figure F.77: A comparison between the average air outlet temperature and the nozzle temperature 
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Figure F.78: Inlet and outlet dew points 
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Figure F.79: Air and refrigerant mass flow rates 
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Figure F.80: Power consumption 
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Figure F.81: Air and refrigerant side capacity 
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Figure F.82: Latent and sensible load 
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Figure F.83: A comparison between the frost mass as measured by the scale and the frost mass from the 
measured dehumidification rate 
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Figure F.84: Pressure drop across the heat exchanger 
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Figure F.85: Average air and refrigerant temperatures 
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Figure F.86: Inlet air temperature distribution 
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Figure F.87: Outlet air temperature distribution 
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Figure F.88: Outlet refrigerant temperature distribution 
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Figure F.89: A comparison of the average outlet air temperature to the nozzle temperature  
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Figure F.90: Inlet and outlet dew points 
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Figure F.91: Air and refrigerant mass flow rates 
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Figure F.92: Power Consumption 
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Figure F.93: Air and refrigerant side capacity 
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Figure F.94: Latent and sensible load 
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Figure F.95:  A comparison between the frost mass as measured by the scale and the frost mass from the 
measured dehumidification rate 
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Figure F.96: Pressure drop across the heat exchanger 
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F.9 April 28, 2001 – Test 8 
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Figure F.97: Average air and refrigerant temperatures 
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Figure F.98: Inlet air temperature distribution 
 151 
-8
-7.5
-7
-6.5
-6
-5.5
-5
3 4 5 6 7 8 9 10 11 12
Time (hours)
T
em
p
er
at
u
re
 (
o
C
)
T_aout1 T_aout2 T_aout3
T_aout4 T_aout5 T_aout6
Taout T_anozzle
 
Figure F.99: Outlet air temperature distribution 
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Figure F.100: Refrigerant outlet temperature distribution 
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Figure F.101: A comparison between the average outlet air temperature and the nozzle temperature 
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Figure F.102: Inlet and outlet dew points 
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Figure F.103: Air and refrigerant mass flow rates 
0
500
1000
1500
2000
2500
3 4 5 6 7 8 9 10 11 12
Time (hours)
P
o
w
er
 (
W
at
ts
)
W_blower
W_heater
W_precooler
 
Figure F.104: Power consumption 
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Figure F.105: Air and refrigerant side capacity 
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Figure F.106: Latent and sensible load 
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Figure F.107: A comparison between the frost mass as measured by the scale and the frost mass from 
the measured dehumidification rate 
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Figure F.108: Pressure drop across the heat exchanger 
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F.10 April 29, 2001 – Test 9 
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Figure F.109: Average air and refrigerant temperatures 
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Figure F.110: Inlet air temperature distribution 
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Figure F.111: Outlet air temperature distribution 
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Figure F.112: Outlet refrigerant temperature distribution 
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Figure F.113: A comparison between the average outlet air temperature to the nozzle temperature 
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Figure F.114: Inlet and outlet dew points 
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Figure F.115: Air and refrigerant mass flow rates 
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Figure F.116: Power consumption 
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Figure F.117: Air and refrigerant side capacity 
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Figure F.118: Latent and sensible load 
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Figure F.119: A comparison between the frost mass as measured by the scale and the frost mass from 
the measured dehumidification rate 
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Figure F.120: Pressure drop across the heat exchanger 
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Figure F.121: Average air and refrigerant temperatures 
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Figure F.122: Inlet air temperature distribution 
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Figure F.123: Outlet air temperature distribution 
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Figure F.124: Refrigerant outlet temperature distribution 
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Figure F.125: A comparison between the average outlet air temperature and the nozzle temperature 
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Figure F.126: Inlet and outlet dew points 
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Figure F.127: Air and refrigerant mass flow rates 
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Figure F.128: Power consumption 
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Figure F.129: Air and refrigerant side capacity 
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Figure F.130: Latent and sensible load 
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Figure F.131: A comparison between the frost mass as measured by the scale and the frost mass from 
the measured dehumidification rate 
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Figure F.132: Pressure drop across the heat exchanger 
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F.12 May 16, 2001 – Test 12 
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Figure F.133: Average air and refrigerant temperatures 
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Figure F.134: Inlet air temperature distribution 
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Figure F.135: Outlet air temperature distribution 
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Figure F.136: Outlet refrigerant temperature distribution 
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Figure F.137: A comparison of the average outlet air temperature to the nozzle temperature 
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Figure F.138: Inlet and outlet dew point 
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Figure F.139: Air and refrigerant mass flow rates 
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Figure F.140: Power consumption 
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Figure F.141: Air and refrigerant side capacity 
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Figure F.142: Latent and sensible load 
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Figure F.143: A comparison between the frost mass as measured by the scale and the frost mass from 
the measured dehumidification rate 
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Figure F.144: Pressure drop across the heat exchanger 
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Appendix G.1:  Frost Photographs from April 6, 2001 – Test 6 
Tain = 0 °C, Trin = -10 °C, 90% RH, sgmref /500=& , face velocity = 1.5 m/s 
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Appendix G.2:  Frost Photographs from April 9, 2001 – Test 4 
Tain = 0 °C, Trin = -10 °C, 90% RH, sgmref /200=& , face velocity = 1.5 m/s 
3.0 hours  5.1 hours 8.3 hours  21.5 hours 
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Appendix G.3:  Frost Photographs from April 15, 2001 – Test 5 
Tain = 0 °C, Trin = -10 °C, 90% RH, sgmref /267=& , face velocity = 1.5 m/s 
3.2 hours  5.3 hours  9.60 hours 
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Appendix G.4:  Frost Photographs from April 16, 2001 – Test 11 
Tain = 0 °C, Trin = -26 °C, 90% RH, sgmref /500=& , face velocity = 2.3 m/s 
0.6 hours  1.5 hours  2.1 hours 
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Appendix G.5:  Frost Photographs from April 20, 2001 – Test 3 
Tain = -20°C, Trin = -30°C, 90% RH, sgmref /500=& , face velocity = 2.3 m/s 
4.9 hours  16.6 hours  24.2 hours 
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Appendix G.6:  Frost Photographs from April 22, 2001 – Test 2 
Tain = -20°C, Trin = -30°C, 90% RH, sgmref /500=& , face velocity = 1.5 m/s 
5.4 hours  16.5 hours  25.7 hours 
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Appendix G.7:  Frost Photographs from April 26, 2001 – Test 10 
Tain = 0 °C, Trin = -30°C, 90% RH, sgmref /500=& , face velocity = 0.6 m/s 
0.8 hours  1.8 hours  3.7 hours 
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Appendix G.8:  Frost Photographs from April 27, 2001 – Test 7 
Tain = 0 °C, Trin = -10 °C, 90% RH, sgmref /500=& , face velocity = 0.9 m/s 
2.6 hours  4.8 hours  7.5 hours 
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The first row camera broke during testing.  A new 
camera was used to take the final first row picture after 
the test was over. 
Row 
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Appendix G.9:  Frost Photographs from April 28, 2001 – Test 8 
Tain = 0 °C, Trin = -10 °C, 80% RH, sgmref /500=& , face velocity = 0.9 m/s 
2.9 hours  5.0 hours  7.9 hours 
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Appendix G.10:  Frost Photographs from April 29, 2001 – Test 9 
Tain = 0 °C, Trin = -10 °C, 70% RH, sgmref /500=& , face velocity = 0.9 m/s 
2.9 hours  7.5 hours  18.9 hours 
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Appendix G.11:  Frost Photographs from May 14, 2001 – Test 1 
Tain = -20°C, Trin = -30 °C, 90% RH, sgmref /500=& , face velocity = 0.8 m/s 
4.8 hours  17.0 hours  24.0 hours 
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Appendix G.12:  Frost Photographs from May 16, 2001 – Test 12 
Tain = -10°C, Trin = -30 °C, 95% RH, sgmref /500=& , face velocity = 0.6 m/s 
0.6 hours  1.4 hours  2.5 hours 
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